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DETERMINATION OF THE TOCOPHEROLS AND THE TOCO- 
PHERYLQUINONES BY THE COLORIMETRIC OXIDATION- 
REDUCTION METHOD 


By JOHN V. SCUDI ann RUDOLF P. BUHS 
(From the Merck Institute for Therapeutic Research, Rahway, New Jersey) 


(Received for publication, August 14, 1942) 


It is well known that the vitamin E activity of many materials diminishes 
under a variety of conditions and that the tocopherols are readily converted 
to the tocopherylquinones which are devoid of vitamin E activity (1). It 
seemed important, therefore, to be able to measure not only the tocopherol 
content, but also the amount of the vitamin destroyed by conversion to 
the quinone. This communication deals with the measurement of the 
tocopherol and the tocopherylquinone content of a number of substances 
as determined by the method reported for vitamin K (2). 

The method for the determination of vitamin K has been described in 
some detail (3) and the influence of the tocopherylquinones upon the 
performance of the test has been discussed. More recently (4), it was 
shown that extrapolation of the readings to zero time gave the vitamin K 


content of the sample, and the final steady reading gave the sum of both 
vitamin K and the tocopherylquinones. The concentration of the latter 
is thus obtained by difference. Following a gold chloride oxidation of the 
tocopherols in the sample, the tocopherol concentration is measured by the 


same method. 
EXPERIMENTAL 


The sample to be tested is dissolved in butanol and reduced over Raney’s 
nickel catalyst in the presence of phenosafranine as the indicator. When 
the reduction is complete, the solution is pumped into an upper chamber 
which contains a standard solution of 2,6-dichloroindophenol in butanol. 
The blue color is reduced in part by the hydroquinone, and the diminution 
in color is a measure of the quinone originally present. Readings are 
taken in the Evelyn photometer equipped with Filter 660. Vitamin K 
hydroquinone reduces the indophenol instantaneously, whereas the reduc- 
tion due to the tocopherylhydroquinones is completed only after 40 to 
60 minutes. Serial readings are therefore taken. The reading at zero 
time gives the vitamin K content and the final steady reading gives the 
sum of the concentrations of vitamin K and the tocopherylquinones. A 
detailed description of the apparatus and the performance of the test has 
been given (3). It may be pointed out that reconstruction of the apparatus 

to smaller dimensions should increase the sensitivity of the method. 
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DETERMINATION OF TOCOPHEROLS 


In order to apply this method to the determination of the tocopherols, 
it is only necessary to convert these compounds to the corresponding 
quinones. This is carried out as follows: Dissolve the sample, containing 
about 150 to 300 y of the tocopherols, in 10 cc. of reagent butanol and add 
0.5 cc. of a 20 per cent aqueous solution of gold chloride’ (AuCl;-HCIl- 
3H,O). Allow the solution to stand in the absence of light at room 
temperatures for 30 minutes. Add 10 cc. of water and 30 cc. of technical 
hexane (b.p. 65-70°) and shake the mixture in a separatory funnel. Draw 
off the aqueous layer and wash the organic layer with two successive 10 
ec. portions of water followed by 10 ec. of carbonate buffer (pH 9.7) and 
complete the washing with an additional 10 ec. of water. Draw off the 
organic layer, centrifuge it to remove precipitated gold oxides, and dry the 
extract superficially with anhydrous sodium sulfate. Filter, and con- 
centrate an aliquot of the extract to a small volume in vacuo under nitrogen. 
Add sufficient phenosafranine solution to give a final concentration of 0.5 y 
of the indicator per cc., adjust to a convenient volume with butanol- 
acetate solution, and analyze as previously described (2). 

In a series of control experiments with solutions of pure a-tocopherol the 
recovery was 102 per cent (average deviation, +3; maximum deviation, 
+5 per cent). A large excess of gold chloride (100 mg.) is used in this 
procedure, but when this excess was reduced to 10 mg. the recovery was 
86 per cent (+5, maximum deviation, 14 per cent), and the recoveries were 
somewhat lower with solutions of 8-tocopherol. The use of this large 
excess of the gold chloride is particularly essential in work with oils or 
concentrates, since carotenoids and other substances are also oxidized by 
gold chlorides (1). 

A number of oils known to possess vitamin E activity were examined. 
Comparatively large samples (0.1 to 1.0 ce.) were dissolved in 10 ec. of 
butanol (insoluble solids were removed) and analyzed directly for their 
tocopherylquinone content.2, Smaller samples of the oils (0.05 to 0.3 ec.) 
dissolved in butanol were oxidized with gold chloride and analyzed for their 
tocopherol content.2, Recovery experiments were also performed by adding 
pure a-tocopherol to the oils in concentrations equal to those found in the 
samples. The data are shown in Table I. 

The determination of the tocopherol and tocopherylquinone content of 
a given sample requires two analyses, but when the sample is small it is 


1The gold can be recovered readily from the aqueous phases in subsequent 
operations. 

2 Extrapolation of the serial readings to zero time showed that the samples con- 
tained too little vitamin K to be measured; i.e., less than 50 y perce. The samples 
undoubtedly contain considerably less vitamin K, than 50 y per cc. but it was not 
our object in this work to measure the vitamin K content of these samples. 
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not necessary to use two aliquots for these analyses. After the tocopheryl- 
quinone determination is performed, the quinone and unoxidized tocopherol 
in the final blue test solution can be recovered simply by adding 2 volumes 
of petroleum ether to the butanol solution and washing the indophenol 
from the organic phase with water containing a few drops of dilute sodium 
hydroxide. ‘Two washes suffice to remove the indophenol. The petroleum 
ether may then be removed in vacuo, and the butanol solution adjusted to 
10 ec. and oxidized with gold chloride. Determinations performed in this 
way have given results only about 5 per cent low. 

A sample* of dog plasma was treated with an alkaline solution of formal- 
dehyde and ethanol and extracted as described by Mayer and Sobotka (7). 


TABLE I 
Tocopherol and Tocopherylquinone Concentrations (Expressed As a-Tocopherol) 


Tocopheryl- Total Data oo 


Sample No quinone | tocopherol Recovery Bd A 
mg. per gm. mg. per gm. per cent mg. per gm. 
1. Crude wheat germ oil pax echtere on 4.2 | 9 | 
2. Medicinal wheat germ oil 0.14 3.3 92 4.5T 
3. Crude corn oil 0.16 1.1 100 0.7-1.0 (5) 
mg. per ceni 
4. Refined cottonseed oil 0.08 0.92 102 | 0.9 (6) 
: me. percent | meg. per cent 
5. Dog plasma 0.46 0.56 0.74 (7) 
a * - petroleum ether ex- 
traction) 0.38 0.57 
7. Whole human blood 0.32 
0.30 
0.31 


* The figures in parentheses indicate bibliographic references. 
t This value, given on the label of the sample, was obtained by bioassay. 
The extract was washed with alkali and water, but the phosphatides were 
not removed, nor was the extract submitted to chromatographic adsorption 
to remove the carotenoids and vitamin A, since these substances do not 
interfere in the present procedure. Butanol was added to the ether ex- 
tract, the ether was removed in vacuo, and aliquots of the butanol solution 
were analyzed with and without gold chloride oxidation. The total 
tocopherol found in the plasma is in reasonable agreement with the level 
\ 40 cc. sample was taken. This permitted separate determinations of the 
tocopherols and the tocopherylquinones with samples each equivalent to 20 ec. of 
plasma. One such sample may be used for both determinations, as indicated earlier. 
No doubt samples considerably smaller than 20 ec. can be used if the apparatus is 


constructed to smaller dimensions. 
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reported by Mayer and Sobotka, but if the tocopherylquinone concentra- 
tion is subtracted from the total tocopherol, since the bipyridine method 
cannot be used for quinones, the agreement is not good. With extra pre- 
cautions to avoid effects of light and oxidation, and with petroleum ether 
for the extraction instead of diethyl ether, the experiment was repeated 
with essentially the same results (Table I). 

Apparently, heretofore, the tocopherylquinones have not been observed 
in blood. For this reason three samples (30 to 50 ec.) of whole human 
blood were refluxed for 5 minutes with 9 volumes of alcohol in the absence 
of light, and the precipitated proteins were extracted twice with 5 volumes 
of petroleum ether in vacuo under nitrogen. The combined extracts were 
concentrated and the residue was taken up in petroleum ether, and washed 
with a 1:1 solution of ethanol in water to remove extraneous colors. The 
concentrates were then transferred to butanol and analyzed without gold 
chloride oxidation. The results (Table I) appear to indicate that the 
tocopherylquinones exist in blood. 


DISCUSSION 


Although the test for the tocopherols described here is given in its sim- 
plest form, the substances measured must conform to a number of re- 
quirements of specificity. They must be oil-soluble, non-reducing sub- 
stances which upon oxidation with gold chloride give rise to new substances 
capable of reversible reduction and oxidation, and the oxidation-reduction 
potential of these substances must be above that of phenosafranine and 
below that of 2,6-dichloroindophenol. These new substances must reduce 
the indophenol reagent at a characteristically slow rate. Carotenoids and 
vitamin A do not interfere. It would therefore appear that the method 
is quite specific for the tocopherols. 

The specificity of the method can be increased by the use of the prelim- 
inary reductive treatment with Claisen’s alkali. This treatment has 
already been described and its use in the determination of the tocopherol 
and tocopherylquinone content of an alfalfa extract has been given (3). 
In this method, the concentrate, distributed between methanol and pe- 
troleum ether, is reduced over Raney’s nickel. A strong solution of 
alcoholic potassium hydroxide is added, and the cryptophenolic tocopherols, 
which do not form potassium salts, are extracted with petroleum ether. 
The tocopherols are thus separated from acids, phenols, and other such 
closely related substances as the tocopherylhydroquinones, vitamin K, hy- 
droquinone, etc. 

‘Dr. Sobotka kindly suggested that such variations may result from differences 


in the diets used. 
5 50 gm. of potassium hydroxide in 25 cc. of water diluted to 100 ce. with methanol. 
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Parker and McFarlane (8) reported a method of separating extraneous 
colored materials from petroleum ether solutions of the tocopherols. This 
method, which involves extraction of the ethereal solution with 85 per cent 
sulfuric acid, removes vitamin K, and the tocopherylquinones without 
removing a-tocopherol. With pure solutions of 8-tocopherol, however, a 
yellow color is imparted to the acid phase, and low recoveries are obtained. 

The preliminary reductive treatment with Claisen’s alkali can be used 
to add to the specificity of the method for the determinations of the 
tocopherylquinones. After the tocopherols are separated by petroleum 
ether extraction of the alcoholic potassium hydroxide, the addition of water 
causes the hydrolysis of the potassium salts of the tocopherylhydro- 
quinones and vitamin K hydroquinone. Only the polysubstituted hydro- 
quinones which have oil-soluble groupings exhibit these cryptophenolic 
properties. These substances may thus be extracted with petroleum ether 
from the aqueous alcoholic potassium hydroxide which retains a wide 
variety of phenols, hydroquinones, ete. This added precaution was not 
necessary in the present study. 

So far as we know, no attempts to measure both the tocopherol and toco- 
pherylquinone content of a sample have been reported heretofore. No 
doubt the gold chloride titration method of Karrer and Keller (9) could 
be used. Following a preliminary reduction of the sample, both products 
would be measured, and a second titration without reduction would 
presumably give the tocopherol concentration. Since the Furter-Meyer 
method (10) can be used for both the quinones and the tocopherols, 
whereas the Emmerie-Engel method (11) is suitable only for the tocoph- 
erols, parallel determinations by these methods should give both the 
quinone and tocopherol concentrations by difference. The difficulties in- 
volved in these three methods—the lack of specificity, the use of chromato- 
graphic techniques to purify photolabile products, ete.—are too well known 
to require further discussion. It appears that the method described herein, 
possessing advantages of specificity and simplicity, makes the measure- 
ment of these products feasible. 

A chemical method by means of which all three tocopherols are measured 
simultaneously cannot replace biological methods of assay. It is known 
that a-tocopherol possesses greater vitamin E activity than the 8- or 
y-tocopherols (5) and that the relat ve proportions of these compounds 
vary in different materials (12). If a sample contains appreciable amounts 
of the B- and y-tocopherols, chemical methods will give high values and 
only as the concentrations of these two tocopherols approach zero will 
the results of the chemical method approximate those of the animal assay 
procedure. Since the 8- and y-tocopherols possess equivalent biological 
activity, it is possible to group these substances for analysis, and if the 
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a- or the combined 8- and y-tocopherols could be determined separately, 
it would become possible to replace biological methods of assay by chemi- 
cal methods. The 8- and y-tocopherols differ from the a-tocopherols in 
that both possess unsubstituted positions ortho to the phenolic group. 
This suggests that nitrous acid or diazotized dinitroaniline might react with 
only the 8- and y-tocopherols present in a mixture of all three tocopherols, 

Since this work is to be discontinued, the following observations are 
presented. Alcoholic solutions containing 20 mg. per cent of pure 8- or 
y-tocopherol, upon treatment with nitrous acid, gave evanescent purple 
colors which changed to a stable red color upon the addition of alkali, 
These reactions were not given by solutions of a-tocopherol at concentra- 
tions as high as 100 mg. per cent. These reactions, believed to be due to 
oxidation of the more susceptible 8- and y-tocopherols to orthoquinones, 
may furnish a basis for the differentiation of the a- and the 8- and y-toco- 
pherols. Following this treatment, the combined 8- and y-tocopherols can 
be measured colorimetrically or by oxidation-reduction methods. 


SUMMARY 


A colorimetric oxidation-reduction method for the quantitative de- 
termination of the tocopherylquinones and the tocopherols has been 
described. The same apparatus and materials required for the determina- 
tion of vitamin K have been used. The specificity of the method has been 
discussed, and it has been shown that the tocopherylquinones as well as 
the tocopherols exist in significant amounts in a variety of materials. The 
difference in the biological activity between a- and the 8- and y-tocopherols 
has been discussed and a method of differentiating the 8- and y-tocopherols 
from the a-tocopherol has been suggested. 
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STUDIES ON THE HEMORRHAGIC SWEET CLOVER DISEASE 


X. INDUCED VITAMIN C EXCRETION IN THE RAT AND ITS EFFECT ON 
THE HYPOPROTHROMBINEMIA CAUSED BY 3,3’-METHYLENEBIS- 
(4-HY DROX YCOUMARIN)* 


By C. A. BAUMANN, JOHN B. FIELD, RALPH 8. OVERMAN, anp KARL PAUL 
LINK 


(From the Department of Biochemistry, Wisconsin Agricultural Experiment Station, 
University of Wisconsin, Madison) 


(Received for publication, August 24, 1942) 


The hemorrhagic and anticoagulant! agent 3 ,3’-methylenebis(4-hydroxy- 
coumarin) (1, 2) induces a marked hypoprothrombinemia in rats espe- 
cially when they are maintained on a basal ration low in certain dietary 
factors such as vitamin K (3). Experiments with rabbits suggested that 
l-ascorbic acid may also be a factor that diminishes the effectiveness of 
the anticoagulant. The administration of l-ascorbic acid to certain in- 
dividuals prevented the hypoprothrombinemic action of single doses of the 
anticoagulant, although most susceptible rabbits developed the hypopro- 
thrombinemia unless very large amounts of both lLascorbie acid and 2- 
methyl-1,4-naphthoquinone were administered simultaneously (4). The 
present experiments deal with the effect of l-ascorbic acid on induced hy- 
poprothrombinemia in rats, with particular emphasis on compounds which 
increase the excretion of vitamin C in this species.” 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. Personnel and supply assistance through the Natural 
Science Research Project 65-1-53-2349 of the Federal Works Progress Administra- 
tion (Madison), and from the Wisconsin Alumni Research Foundation through the 
office of the Dean of the Graduate School. 

Part of the work embodied in this paper is taken from a thesis by John B. Field, 
presented to the Faculty of the Graduate School in partial fulfilment of the degree 
of Master of Science, June, 1941. 

Presented in part before the American Society of Biological Chemists at Boston, 
April 3, 1942 (Federation Proc., 1, pt. 2, 100 (1942)). 

1 The term anticoagulant is used in the general sense that 3,3’-methylenebis(4- 
hydroxycoumarin) is an agent which, after action in vivo, impairs or prevents the 
coagulation of blood. It does not affect the clotting power when added to either 
blood or plasma in vitro (1). 

2 For purposes of this communication the term l-ascorbic acid refers only to the 
crystalline compound, while the term vitamin C refers to the substance in rat urine 
which reduces 2,6-dichlorophenol indophenol and cures scurvy in the guinea pig. 
l-Ascorbie acid has not been isolated from the urine of these rats (5, 6). 
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Methods 
The experimental procedure was essentially that described previously 
(3). Adult rats were fed a basal diet consisting either of an artificial ration 


(3) or of sweetened condensed milk.* After a fasting period of 12 hours, 
they were fed 2.5 mg. of 3 ,3’-methylenebis(4-hydroxycoumarin) contained 
in 2 gm. of ration. Blood samples were taken by heart puncture 24 hours 
later for the determination of the prothrombin time of 12.5 per cent plasma 
(7). The substances studied for modifying effects were either added to 
the basal ration for several days prior to the administration of the anti- 
coagulant, or they were fed with the supplement. The cxeretion of vi- 
tamin C by rats on the various regimens was determined by the procedure 
developed and applied by others in comparable studies (5, 8). 


EXPERIMENTAL 


l-Ascorbic Acid and Prothrombin Time—In the absence of anticoagulant 
the prothrombin time of 12.5 per cent rat plasma was 39 seconds (32 to 
16). This average time was not influenced by feeding 25 mg. of l-ascorbic 
acid. When 2.5 mg. of anticoagulant were fed, the hypoprothrombinemia 
induced was likewise essentially the same with or without Lascorbie acid; 
the prothrombin time of 12.5 per cent plasma from rats on the artificial 
ration ranged from 89 to 143 seconds, average 111, when the anticoagulant 
was given, as compared to an average of 105 seconds (range 64 to 153) 
when the supplement also contained 25 mg. of ascorbic acid. Similar re- 
sults were obtained when 25 mg. of l-ascorbie acid were fed daily for 5 
days before the ingestion of the anticoagulant, when the vitamin was in- 
jected intraperitoneally, or when the basal diet was condensed milk. Fur- 
thermore, /-ascorbic acid did not prolong the lives of rats receiving the 
anticoagulant daily (3). However, when the basal diet consisted of a 
grain ration (3), 25 mg. of l-ascorbie acid appeared to diminish the degree 
of hypoprothrombinemia induced. Prothrombin times averaged 46 sec- 
onds in the presence of /-ascorbic acid and 58 seconds when the anticoagu- 
lant was given alone. This probably indicates that the /-ascorbic acid 
had intensified the protective effect of the vitamin K present in the grain 
ration (4). 

Compounds Which Stimulate Excretion of Vitamin C—Longenecker et al. 
(5, 6) in King’s laboratory have observed that many compounds increase 
the excretion of vitamin C by rats maintained on a diet of condensed milk. 
The increased excretion was ascribed to a marked increase in the amounts 
of vitamin C synthesized. On the basis of this work it appeared possible 
that a greater local intracellular concentration of vitamin C might be 
achieved by the administration of potent compounds of the series used by 


’ Borden’s Eagle brand. 
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King’s coworkers than by the administration of l-ascorbic acid itself. Ac- 
cordingly, representative compounds, carvone, chloretone, theobromine, 
aminopyrine, and paraldehyde, were fed to rats under the experimental 
conditions employed by Longenecker et al. (6). In addition single doses of 
2.5 mg. of 3,3’-methylenebis(4-hydroxycoumarin) were administered, and 
the prothrombin time of 12.5 per cent plasma determined 24 hours later. 
The degree of hypoprothrombinemia induced was then compared with the 
amounts of vitamin C excreted. Although the various compounds did not 
alter the prothrombin level (or activity) of the plasma in the absence of the 
anticoagulant, the degree of protection against the induced hypoprothrom- 
binemia was roughly proportional to the output of vitamin C in the urine 
(Table I); ¢.e., compounds which stimulated the greatest excretion of vita- 
min counteracted the anticoagulant most effectively. Thus, 2.5 mg. of 
anticoagulant usually increased the prothrombin time by 62 seconds (from 
a normal value of 39 seconds to 101 seconds) but this increase was only 16 
seconds (from the normal value of 39 seconds to 55 seconds) when 20 mg. of 
chloretone were ingested daily during the previous week. Carvone and 
aminopyrine, which increased the excretion of vitamin C appreciably, were 
also effective in counteracting the action of the anticoagulant, while par- 
aldehyde showed both properties to a lesser degree (Table I). Usually, the 
amounts of vitamin excreted were the same as those previously reported 
(5, 6). However, when theobromine was given, most of the animals ex- 
creted an average of 2.0 mg. of vitamin C daily, and they were partially re- 
sistant to the action of the anticoagulant. Three individuals, on the 
contrary, showed no resistance to the anticoagulant, and they failed to 
excrete additional vitamin C. 

Certain other observations also suggested a connection between vitamin 
C synthesis and resistance to the anticoagulant. Four of fifteen rats which 
had been fed carvone continued to excrete from 1.5 to 3.0 mg. of vitamin C 
per day for 2 weeks after carvone was no longer fed, and a corresponding 
resistance to single doses of the anticoagulant persisted: prothrombin time, 
65 seconds after 1 week and 75 seconds after 2 weeks. Usually, the ex- 
cretion of vitamin C decreased rapidly when the stimulating agent was 
removed from the diet. Attempts to replace the basal diet of condensed 
milk with an artificial ration (3) resulted in very irregular responses both 
in vitamin excretion when carvone was fed, and in the resistance to the 
anticoagulant. 

Nevertheless, the parallelism between vitamin C excretion and resist- 
ance to induced hypoprothrombinemia was not always a rigid one. Thus, 
the greatest resistance to the anticoagulant was observed when 50 mg. of 
carvone were fed daily for 16 days, and under these conditions 7.0 mg. of 
vitamin C were excreted daily. In the presence of chloretone much larger 
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amounts of vitamin were excreted, although the resistance to the anti- 
coagulant was somewhat less; 7.e., the prothrombin times were greater 
(Table I). 

Single doses of carvone or chloretone up to 150 mg. failed to counteract 
the hypoprothrombinemia induced by 3 ,3’-methylenebis(4-hydroxycou- 
marin), although as much as 4.5 mg. of vitamin C were excreted during 
the next 24 hours. Apparently, therefore, the ‘vitamin C stimulators” 
must be administered continuously before the effects of the anticoagulant 


TABLE I 


Effect of Chloretone and of Biologically Related Compounds on Hypoprothrombinemia 
Induced by 2.5 Mg. of 3,3’-Methylenebis(4-hydroxycoumarin) 


Comneund Daily dose* Ascorbic ac id Prothrombin time of 12.5 No. of. 
excreted dailyt per cent plasma determinations 

meg. mg. sec. 
None 0.3 101 (79-132)t 22 
Chloretone 5 0.4 103 (101-105) 2 
10 10.6 77 ~=(57- 97) j 
20 25.5 55 =(43-— 68) 3 
Carvone 2 119 (101-137) 2 
5 2.6 93 (66-112) } 
10 2.0 78 (40-127) 6 
25 1.9 70 (47- 84) 3 
5O 6.7 67 (50- 86) 6 
50 7.0 51 (47- 59) 3 
Aminopyrine 20 6.2 60 (45- 76) 2 
Paraldehyde 20 2.6 78 (75- 83) 3 
Theobromine 20 0.3 97 (92-102) 3 
20 2.0 71 (54-129) 10 


* The compounds were fed for 7 days except in the last experiment for carvone, 
in which carvone was fed for 16 days. 

+t Average excretion on 7th day of feeding. 

t In the absence of anticoagulant, the prothrombin time of 12.5 per cent rat 


plasma averages 39 seconds. 


are counteracted, thus differentiating this group of compounds from sub- 
stances of the vitamin K class, which are active in the rat in single doses (3). 

Survival of Rats Receiving Anticoagulant Daily—Carvone and chloretone 
not only counteracted the hypoprothrombinemia induced by single doses of 
anticoagulant, but they also prolonged the lives of adult rats fed condensed 
milk plus 2.0 mg. of anticoagulant daily. The anticoagulant was given 
as a | per cent mixture in cooked corn-starch plus cottonseed oil. Carvone, 
chloretone solution, or l-ascorbie acid solution was stirred into the daily 
allotment of milk. Six rats on the anticoagulant alone died in 12 days 
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(range 7 to 17 days), and three receiving 40 mg. of J-ascorbic acid in addi- 
tion died in 11 days (range 10 to 13 days). However, four of six rats re- 
ceiving 10 mg. of carvone daily survived for 40 days, as did two of three 
receiving 20 mg. of chloretone daily. Individuals in the latter groups sur- 
vived the effects of 2 mg. of anticoagulant daily for 75 days, when the 
experiment was discontinued. The survival of rats receiving carvone or 
chloretone was similar to that when 5 mg. of 2-methyl-1 ,4-naphthoquinone 
were fed in addition to the anticoagulant and condensed milk, although 
this amount of vitamin K furnished complete protection against the anti- 
coagulant to rats on an artificial ration (3). 

3 ,3'-Methylenebis(4-hydroxycoumarin) and Vitamin C Excretion—Rats on 
condensed milk excreted additional amounts of vitamin C in the urine when 
the anticoagulant was fed (Table II). As little as 1 mg. of anticoagulant 
resulted in a measurable increase in vitamin excretion, and this is also the 
minimum dose of anticoagulant detectable by an increase in prothrombin 

TaBLe II 


Urinary Excretion of Vitamin C by Rats Receiving 3,3'-Methylenebis(4-hydroxycou- 
marin) and Condensed Milk 


Anticoagulant fed No. of animals Daily excretion of vitamin C 
meg. me 
0.0 22 0.27 (0.12-0.46) 
1.0 3 1.01 (0.80-1.40) 
5.0 3 1.20 (1.13-1.24) 
10.0 2 2.10 (2.04-2.15) 
15.0 2 2.05 (1.51-2.58) 
20.0 3 3.03 (1.10-4.15) 


time of 12.5 per cent rat plasma (3). When 20 mg. of anticoagulant were 
fed, vitamin C excretion averaged 3.03 mg. during the subsequent 24 hours. 
There was no obvious connection between the volume of urine voided and 
the excretion of vitamin C, and the increased excretion was observed only 
on a diet of condensed milk. Increased excretion of vitamin C did not 
occur when the artificial basal ration was fed. However, 3 ,3’-methylene- 
bis(4-hydroxycoumarin) differed from the many compounds of the carvone- 
chloretone series in that successive doses of the anticoagulant resulted in 
a decrease of the vitamin C excreted, whereas carvone, for example, can 
be administered daily for many weeks, with a continued high excretion of 
vitamin C (6). When 5 mg. of the anticoagulant were fed, most of the 
additional vitamin C excreted appeared in the urine from the 6th to the 
9th hours, with decreasing amounts excreted thereafter. 18 hours after 
the ingestion of anticoagulant, the excretion of vitamin C was approxi- 
mately equal to that before the anticoagulant was given. 
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This suggested that the anticoagulant was causing a temporary transfer 
of the vitamin from the tissues into the urine, rather than stimulating con- 
tinued synthesis. Accordingly, the vitamin C content of various tissues 
from adult rats was determined, and compared with analyses from rats 
fed one or three doses of 25 mg. of anticoagulant each. The vitamin C of 
the blood was increased and fluctuations were noted in the vitamin content 
of lungs and adrenals (Table III), but the variations within groups were 
large, and no clear cut evidence was obtained of a depleting effect of the 
anticoagulant on the tissues. 


TaB_e III 
Effect of 3,3’-Methylenebis(4-hydroxycoumarin) on Vitamin C Content of Rat Tissues 
The results are given in mg. of vitamin C per gm. of tissue. Each value is an 


average of three determinations. 


25 mg. doses of anticoagulant None 1 dose 3 doses 

Liver - 0.20 (0.16-0.23) 0.26 (0.21-0.29) 0.20 (0.18-0.24) 
Lung 0.21 (0.18-0.26) 0.19 (0.12-).24) 0.16 (0.13-0.19) 
Brain 0.31 (0.30-0.33) 0.36 (0.32-0.40) 0.34 (0.33-0.35) 
Spleen 0.40 (0.36-0.43) 0.46 (0.38-0.58) 0.43 (0.40-0.45) 
Small intestines 0.34 (0.29-0.38) 0.39 (0.34-0.45) 0.32 (0.27-0.37) 
Adrenals 3.90 (3.75-4.06) 3.93 (3.62-4.40) 2.86 (2.08-3.40) 
Blood 0.70 (0.50-0.89) 1.47 (1.09-1.85) 1.21 (1.09-1.35) 


DISCUSSION 


In spite of the many functions ascribed to l-ascorbic acid, and the many 
clinical conditions which appear to respond favorably to its administration 
(9, 10), there have been only occasional and very fragmentary reports 
linking it to blood coagulation (11, 12). Nevertheless, the present results 
suggest that substances which stimulate the synthesis of vitamin C in the 
rat also affect the mechanism by which the hypoprothrombinemia induced 
by 3,3’-methylenebis(4-hydroxycoumarin) is counteracted. The explan- 
ation of this relationship, however, is at present obscure, since each of the 
two phenomena involved remains itself essentially unexplained. It would 
follow, however, that further information on the biological synthesis of 
either vitamin C or of prothrombin might aid in clarifying our conception 
of the other, even though there does not appear to be any obvious common 
factor in the two syntheses. Both have been postulated to occur in the 
liver, and hence the same liver proteins may be involved. In this con- 
nection Rose, Harris, and Chen (13) have found evidence of liver damage 
in rats given large doses of 3,3’-methylenebis(4-hydroxycoumarin). In 
fact, the liver of the rat appeared to be more susceptible to this type of 
lesion than any other tissue of any other species examined. 
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The clinical administration of large doses of l-ascorbic acid has been re- 
ported to hasten the healing of wounds (14, 15) and the cure of skin lesions 
due to bismuth or to arsenic poisoning (16). The addition of J-ascorbic 
acid to cultures of fibroblasts hastens the formation of collagen fibrils (17). 
Since each of these processes involves the synthesis of new protein, the 
postulated connection between vitamin C and prothrombin is not without 
parallel. Vitamin C is generally believed to function in the capillaries in 
the final solidification of intercellular cement substances, the essential com- 
ponents of which are present in severely scorbutic individuals. A some- 
what analogous function might be ascribed to the vitamin in the biosyn- 
thesis of prothrombin, if it be assumed that prothrombin is formed in the 
body through a chain of reactions, one of which brings about the union of 
relatively large components. Thus the activation of prothrombin per se 
might involve either vitamin C or K or both. 


SUMMARY 


1. The administration of l-ascorbie acid failed to alter the hypopro- 
thrombinemia induced in rats by the ingestion of 3 ,3’-methylenebis(4-hy- 
droxycoumarin). It also failed to prolong the lives of rats receiving the 
anticoagulant plus condensed milk or an artificial diet daily. 

2. Chloretone, carvone, and other substances which stimulate the ex- 
cretion of vitamin C in the rat markedly lowered the degree of hypopro- 
thrombinemia induced in rats by 3 ,3’-methylenebis(4-hydroxycoumarin). 
In general the capacity of a compound to promote the excretion of vitamin 
C paralleled its tendency to counteract the anticoagulant. Carvone and 
chloretone markedly prolonged the lives of rats ingesting the anticoagulant 
daily. 

3. The anticoagulant alone caused a temporary increase in the excretion 
of vitamin C by rats maintained on condensed milk. The maximum effect 
was noted 6 to 9 hours after the ingestion of anticoagulant. Repeated 
doses, however, failed to maintain an increased excretion of the vitamin. 
The ingestion of anticoagulant produced an increase in the concentration 
of vitamin C in the blood but no significant changes in the content of other 


tissues. 
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THE QUANTITATIVE DETERMINATION OF LANTHIONINE 


By W. C. HESS anp M. X. SULLIVAN 


(From the Chemo-Medical Research Institute, Georgetown University, Washington) 
(Received for publication, August 27, 1942) 


On boiling wool for a short time with a dilute Na2CQO; solution and then 
hydrolyzing the washed wool residue with HCl, Horn, Jones, and Ringel 
(1) isolated from the hydrolysate a crystalline thio ether amino acid which 
they named lanthionine. The structure of this compound they believed 
to be 6-amino-6-carboxyethyl sulfide, COOH—CH(NH,)—CH,—S— 
CH.—CH(NH:)—COOH, and this was confirmed by its synthesis by du 
Vigneaud and Brown (2). Subsequently Horn and Jones (3) isolated 
lanthionine from human hair, chicken feathers, and lactalbumin which had 
been treated with boiling 2 per cent NasCO; and hydrolyzed with 20 per 
cent HCl. Then du Vigneaud, Brown, and Bonsnes (4) found that 
amorphous insulin similarly treated yielded lanthionine. Horn and Jones 
(3) were able to isolate lanthionine from wool when 0.1 N NaOH or 2 per 
cent NaS was used in place of the 2 per cent Na2CO; but when n NaOH 
was used only cystine was found. In all of this work the lanthionine was 
isolated and no attempt was made to determine quantitatively the amount 





which was formed. 

Lanthionine resembles methionine in that it is also a thio ether. Baern- 
stein (5) has shown that HI will convert methionine into the thiolactone 
of homocysteine. By analogy lanthionine when boiled with HI should 
yield 1 mole of cysteine. If such were the case, it should be possible to 
determine quantitatively lanthionine alone or in the presence of cystine. 
Lanthionine does not react in the Sullivan (6) cystine or cysteine reactions; 
hence, if either of these were present, it could be determined first after HCI 
hydrolysis and then again following hydrolysis with HI. The amount of 
lanthionine present would be measured by the increase in cysteine found 
after the HI hydrolysis. 

EXPERIMENTAL 

The lanthionine, prepared from wool by the procedure used by Horn, 
Jones, and Ringel (1), crystallized in the typical triangular plates. The 
conversion of lanthionine to cysteine was carried out by dissolving 25 mg. 
of the compound in 6.0 ec. of 57 per cent HI containing 1.0 per cent KH,PO, 
and heating the solution at 135-140° for 4 hours. During the entire period 
of heating a stream of nitrogen was bubbled through the solution. It is 
important that the 57 per cent HI solution employed be completely color- 
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less or else low values will result. Kassell and Brand (7) describe a method 
for the purification of the 57 per cent HI which can be employed or a portion 
of the HI solution can simply be heated with the addition of 1.0 per cent 
KH2PO, until it becomes colorless. Table I gives the results on the 
recovery of cysteine from lanthionine in three experiments. In each case 
the cysteine was determined in an aliquot of the hydrolysate by the 
Sullivan (8) method. With pure lanthionine the average recovery of the 
cysteine from the lanthionine is 98 per cent. Following these experiments 
several sets of mixtures of the three sulfur-containing amino acids, lan- 
thionine, methionine, and cystine, were prepared in which the amount of 


TABLE I 
Recovery of Lanthionine Alone and in Mixtures of Amino Acids 


Composition of Mixture A, lanthionine 50 mg., cystine 10 mg., methionine 10 mg.; 


, 
Mixture B, lanthionine 10 mg., cystine 10 mg., methionine 10 mg.; Mixture C, lanthio- 
nine 10 mg., cystine 50 mg., methionine 50 mg 

Cysteine found less 


cysteine from Per cent recovery 
added cystine* 


Cysteine equivalent 


Substance 
; of lanthionine 


me me 
Lanthionine, 25 mg. 14.54 14.68 101 
a 25 °° 14.54 14.25 QS 
25 °* 14.54 13.99 96 
Mixture A 29.0 28.3 98 
si - 29.0 28.2 98 
P : 29.0 27.9 06 
: B 5.8 5.62 97 
ste ” 5.8 5.58 96 
; 5.8 5.58 96 
= se 5.8 5.63 97 
. C 5.8 5.8 100 


* The recovery of cystine following the HI hydrolysis is 98 per cent and this figure 
was used in correcting the amount of cysteine to be subtracted due to the cystine 
which had been added. 


lanthionine was varied so that it was much higher than the amount of the 
other acids (Mixture A), just the same (Mixture B), or much less (Mixture 
C). The results are given in Table I. It will be seen that irrespective 
of the mixture employed neither cystine nor methionine interferes with the 
determination of lanthionine. The conversion of methionine to homo- 
cysteine by the HI procedure does not interfere with the Sullivan reaction 
for cysteine. The recovery of cystine following the HI treatment results 
in a 98 per cent recovery of cysteine and due allowance was always made 
for the amount of cystine which was in the mixture. The average recovery 
of lanthionine in all the mixtures was 97.3 per cent. 
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Lanthionine Content of Alkali-Treated Wool and Lactalbumin—The 
samples of alkali-treated wool and lactalbumin were prepared by boiling 
3 gm. of each protein in 75 ec. of 2.0 per cent Na2CO; for } hour. The 
treated wool was washed ten times with 150 cc. portions of distilled water 
and, after being squeezed dry, was placed in a vacuum desiccator over 
H.SO,. The lactalbumin (prepared from lactalbumin Labeco 7-HAAX) 
was precipitated from the sodium carbonate solution by the addition of 
acetic acid. The precipitated lactalbumin was washed and dried in a 
manner similar to that employed for the wool. Table II gives the data 
on the cystine and lanthionine content of the two proteins both before and 
after treatment with sodium carbonate. The cystine values for the un- 
treated and the treated proteins were obtained after 6 hours hydrolysis 
with 20 per cent HCl. All values are corrected for moisture and ash. 

As with the control experiments, the cysteine equivalent of the cystine 
present in the treated protein was subtracted from the total cysteine found 


TABLE II 


Cystine and Lanthionine Content of Lactalbumin and Wool before and after Treatment 
with 2.0 Per Cent Sodium Carbonate 


| 
Protein Cystine Lanthionine 


per cent per cent 
Wool 12.82 0.0 
alkali-treated 2.41 5.62 
Lactalbumin | 3.71 0.0 


alkali-treated 0.71 1.98 

in the HI hydrolysate and the difference was considered to be due to 
lanthionine. In the alkali-treated wool the total sulfur, corrected for 
moisture and ash, was 1.93 per cent as compared with 3.52 per cent in the 
original wool. The sulfur content of the HI hydrolysate of the alkali- 
treated wool was 1.70 per cent. The cystine sulfur plus the lanthionine 
sulfur of the alkali-treated wool accounted for 78.2 per cent of the sulfur of 
the treated wool and 88.8 per cent of the sulfur in the hydrolysate of the 
treated wool. Evidently some of the sulfur present is lost during acid 
hydrolysis, possibly as H.S from unremoved sodium sulfide. 

The sulfur content of the HCl hydrolysate of the alkali-treated lactal- 
bumin was 1.19 per cent as compared with 1.42 per cent in the original 
protein. The methionine sulfur in lactalbumin (Labeo 7-HAAX) ac- 
cording to Kassell and Brand (7) is 0.62 per cent. When their figure is 
used for the methionine sulfur and ours for the cystine and the lanthionine, 
the total is 1.11 per cent sulfur or 93 per cent of the total sulfur of the 


hydrolyzed sample. 
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SUMMARY 


Lanthionine is converted to cysteine by boiling with HI. Lanthionine 
in mixtures containing both cystine and methionine can be estimated with 
a high degree of accuracy. Lanthionine formed by dilute alkali treatment 
of a protein, such as wool or lactalbumin, can be quantitatively estimated 
colorimetrically by first hydrolyzing the lanthionine-containing protein 
with HCl. The cystine present can be determined by the Sullivan pro- 
cedure without interference from lanthionine. Then by hydrolysis of the 
protein with HI the total cysteine can be determined. The difference 
between the two hydrolysates gives the cysteine derived from lanthionine. 
Multiplying by the factor 1.72 gives the amount of lanthionine. 
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THE EFFECT OF CERTAIN ANALOGUES OF CHOLINE ON 
PEROSIS 
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(From the Division of Poultry Husbandry, College of Agriculture, University of 
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(Received for publication, August 22, 1942) 


Recent studies of the biological activity of choline analogues have re- 
lated to the prevention of fatty livers in rats and mice, to the prevention 
of hemorrhagic kidneys in rats, and to the conversion of homocysteine to 
methionine in vivo. The results have been summarized and discussed 
in recent articles and reviews (1-4). It has also been shown (5-9) that 
choline promotes growth and prevents perosis in chicks and turkeys. In 
the latter species, arsenocholine has an action similar to that of choline, 
but betaine is completely ineffective (6). The effect of compounds related 
to choline on growth and perosis in chicks has been studied further, and is 
reported in the present communication. 

EXPERIMENTAL 

Preparation of Compounds—Ethyldimethyl-8-hydroxyethylammonium 
chloride (monoethyleholine) was prepared by treatment of dimethylamino- 
ethanol with ethyl iodide followed by crystallization from acetone, solution 
in water, and treatment with silver chloride. 

CsH,,ONCI. Calculated. Halogen 23.07 
153.5 Found. _ 23.27, 23.38 

Diethylmethyl-8-hydroxyethylammonium chloride (diethylcholine) was 
prepared by treatment of diethylaminoethanol with methyl iodide and 
conversion of the product to chloride with silver chloride. 

C;H,;s,ONCl. Calculated. Halogen 21.15 
167.5 Found. “21.26, 21.25, 21.29 

Triethyl-6-hydroxyethylammonium chloride (triethylcholine) was simi- 

larly prepared except for the use of ethyl iodide rather than methyl iodide. 
CsHeeONCl. Calculated. Halogen 19.51 
181.5 Found. <j 19.56, 19.65 

Trimethylethanacetalammonium chloride was prepared by treatment of 
aminoethanacetal with methyl iodide and methyl sulfate, followed by 
treatment with silver chloride. 
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CHOLINE 


TABLE I 


ANALOGUES AND PEROSIS 


Results Obtained with Chicks by Adding Choline and Its Analogues to Choline- 
Deficient Diet 


All weights are expressed in terms of the chlorides. 


Series No 


> > > > > wow w nS th tw a a- a- a ee 


or or 


o 


or 


Supplement to 100 gm. basa 


None 
Choline 


Betaine aldehyde 
Diethylcholine 
Tr iethylcholine 


None 
Choline 
Arsenocholine 


None 
8-Methylcholine 
Monoet hylcholine 
Choline 


None 
8-Methylcholine 
Monoet hylcholine 
Choline 


‘ 
+ 


Diethylcholine 


None 
Betaine 
Choline 


None 
Betaine 
Choline 


| diet 


0.1 


0.11 


0.1 


.9 


0 


0.3 
0 


— 


Per cent incidence of perosis at 


14 days 


40 
11 
12 

0 
33 

0 
99 


15 days 


25 
0 
0 
0 


14 days 


19 
0 
0 
0 
0 


17 days 


11 
14 
0 





21 days 


60 
44 
62 


0 


21 days 
33 
0 
0 


15 
12 
0 
0 
0 


21 days 


38 
44 
0 


28 days 


SO 
44 


0 
62 
0 
89 


89 
14 


0 
0 


87 


io 
0 


50 
SS 
0 


Gain in 
28 days 


86 
123 
120 
166 
116 

83 

SY 


18 
152 


133 


ied 


‘a 

69 
100 
150 
157 


69 
105 
149 


52 


S/ 
141 
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TaBLeE I—Concluded 


Per cent incidence of perosis at | 





Series No Supplement to 100 gm. basal diet ; . - San 
13 days 19 days | 28 days 

ih itd, | , 
7 None 57 | 100 54 
7 a,a-Dimethylcholine 0.12 38 | 100 58 
7 Choline 0.1 0 | oO 145 

21 days | 25 days | In 25 days 

8 None 20 | 100 | 100 69 
8 Betaine aldehyde 0.15 60 | 89 | 89 99 
8 Choline 0.1 0 0 0 124 





CsH2O,NCl. Calculated. Halogen 16.75, N 6.62 
211.5 Found. a 17.26, 17.21, N 6.58, 6.64 


Trimethylethanalammonium chloride (betaine aldehyde) was prepared 
by treatment of the ethanacetal with concentrated hydrochloric acid at 
room temperature for 12 hours, followed by removal of most of the hydro- 
chloric acid by distillation under reduced pressure and neutralization of the 
remainder of the acid. 

Trimethyl-8-hydroxypropylammonium chloride (8-methylcholine) was 
kindly supplied by Merck and Company, Inc., trimethyl-8-hydroxyethyl- 
arsonium chloride (arsenocholine) by Hoffmann-La Roche, Inc., and tri- 
methyl-8-hydroxyisobutylammonium chloride (a,a-dimethylcholine) by 
Dr. Vincent du Vigneaud. 

Biological Test—Day-old chicks were placed in electrically heated battery 
brooders and were fed the experimental diets immediately. The basal diet 
consisted of glucose (cerelose) 53 parts, washed casein 18, gelatin 8 dried 
yeast (Anheuser-Busch, Strain G) 6, gum arabic v.s.P. 5, salt mixture! 5, 
crude soy bean oil 5, fish oil blend (3000 units of vitamin A, 400 of D per 
gm.) 0.3. The chicks were weighed and examined for perosis at frequent 
intervals as previously described (5, 6). The test period lasted 4 weeks, 
and from eight to ten chicks were used in each group. On the basal diet 
growth was slow, and symptoms of perosis were usually evident at 10 to 
14 days of age. On the positive control diet, which consisted of the basal 
diet, 100 gm., plus choline chloride, 0.1 gm., growth was about twice as 
rapid as on the basal diet, and protection against perosis was usually 
complete. The substances to be tested were dissolved in 50 per cent 
ethanol and the solutions were incorporated in the diet. All choline 
analogues were fed as chlorides. 

1 Jukes, T. H., Proc. Soc. Exp. Biol. and Med., 42, 180 (1939). 
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CHOLINE ANALOGUES AND PEROSIS 


Results 


The experimental data are summarized in Table I and the relative ac- 
tivities of the various compounds are summarized in Table II. Betaine 
when fed at a higher level, 1 gm. per 100 gm. of diet, was found to depress 
growth and to have no effect on perosis. The exhalations of the chicks 
which received arsenocholine had a pronounced odor of garlic. 


TABLE II 


Comparison of Choline with Certain of Its Analogues When Added to 
Choline-Deficient Diet and Fed to Chicks 


Activity in 


Compound 

Prevention of perosis Promotion of growth 
Choline Excellent Excellent 
Arsenocholine - Good 
Monoethylcholine - " 
Diethylcholine ” None 
6-Methylcholine . Moderate r 
Betaine None Slight 

is aldehyde ois - 
None 


Triethylcholine 
a,a-l Jimethylcholine 


e ce 


DISCUSSION 


The relative effects of 54 compounds in transmethylation, in prevention 
of hemorrhagic kidneys and fatty livers, in prevention of perosis, and in 
promotion of growth of chicks have been summarized in tabular form and 
discussed by Moyer and du Vigneaud (4). The relative biological activi- 
ties of certain choline analogues were also discussed by Welch and Lan- 
dau (10). These authors drew attention to the fact that arsenocholine 
may substitute for choline in the biosynthesis of lecithin. Arsenocholine 
is apparently unable to convert homocystine to methionine in vivo; so that 
the promotion of growth and prevention of perosis by arsenocholine in 
chicks may not involve transmethylation. 

The failure of diethylcholine to promote growth is presumably not due 
to a toxic effect on chicks, for no depression of growth was observed when 
this substance was fed in combination with choline (Table I). 

Through the kindness of Dr. Sidney Colowick it has been found in the 
following experiments carried out by him that the liver of the chick pos- 
sesses the ability to oxidize choline and its arsenic analogue. 

The liver extracts were prepared from 4 gm. of liver obtained from a 6 
week-old chick by grinding the tissue with sand and sodium phosphate 
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buffer (pH 7.4) to give a final concentration of either 0.04 or 0.06 Mm. In 
all cases 1 ec. of extract, representing 0.2 gm. of fresh liver, was used in 
standard Warburg vessels maintained at 37°; the final volume, after 
suitable additions, was 2 cc. Choline consumed 1.25 atoms of oxygen per 
mole in one experiment (5.8 hours) and 1.12 atoms in another (5 hours). 
With arsenocholine the initial rates were about one-third those with 
choline; a total of 0.51 atom of oxygen per mole was consumed in each 
experiment. During the experiments arsenocholine liberated a volatile 
gas with a garlic-like odor, and acid permanganate (0.002 m or 0.005 m) 
contained in a side arm of the Warburg vessel was decolorized, as previ- 
ously found by Mann et al. (11) with rat liver. However, in contrast to 
their experiments with rat liver, semicarbazide reduced but did not pre- 
vent the development of the garlic-like odor from arsenocholine treated 
with chick liver extract. Treatment of arsenocholine with the chick liver 
extract under anaerobic conditions in Thunberg tubes also yielded the 
garlic-like odor. As in the aerobic experiments, less odor was produced 
in the presence of semicarbazide. 

The oxygen consumption of chick liver extract was not appreciably in- 
creased in the presence of betaine or its arsenic analogue. A similar result 
was reported (11) for betaine in the case of rats. Odor was not produced 
when arsenobetaine was incubated with chick liver extract. However 
when arsenobetaine is administered orally to rats and chicks the exhala- 
tions and tissues have a typical garlic-like odor. The possibility that 
this may be due to the breakdown of arsenobetaine in the digestive tract 
has not been investigated. The available data indicate that the liver of 
the chick oxidizes choline and its arsenic analogue and that a secondary 
reaction occurs in the case of arsenocholine which results in the formation 
of a volatile arsenical compound, presumably trimethylarsine. The pro- 
duction of the volatile compound also occurred anaerobically. It was 
apparently not completely suppressed by semicarbazide, which may indi- 
cate a difference between the chick and the rat. 

SUMMARY 

1. A number of analogues of choline were fed to chicks as supplements 
to a basal diet that was deficient in choline. By this means the growth- 
promoting and antiperotic activities of the compounds were compared 
with those of choline. 

2. Arsenocholine and monoethylcholine promoted growth to a marked 
extent, although not to as marked an extent as choline. Betaine and 
betaine aldehyde had a slight growth-promoting activity. The following 
compounds failed to promote growth: diethylcholine, triethylcholine, 
8-methylcholine, and a,a-dimethylcholine. 
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3. Arsenocholine, monoethylcholine, and diethylcholine were as effec- 
tive as choline in preventing perosis. 8-Methylcholine had a slight anti- 
perotic activity. The other compounds were ineffective in the prevention 


of perosis. 


The assistance of Robert E. Ranney, R. A. Donogh, and Dr. James M. 
Sprague is gratefully acknowledged. 
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ELECTRON MICROGRAPHS OF PROTEIN MOLECULES 


By W. M. STANLEY anno THOMAS F. ANDERSON* 


(From the Department of Animal and Plant Pathology of The Rockefeller Institute for 
Medical Research, Princeton, and the Laboratories of the Radio 
Corporation of America, Camden) 


PLATES 1 AND 2 
(Received for publication, August 27, 1942) 


The electron microscope is finding wide-spread use in the examination of 
preparations of bacteria, bacteriophages, and viruses, as well as in the de- 
termination of fine structures that exist in larger organisms and in various 
organic and inorganic materials (1-10). However, only a few electron 
micrographs of protein molecules have been made (11), despite the fact 
that the sizes of several protein molecules, as estimated by such indirect 
methods as sedimentation and diffusion, have been found to be larger than 
the present limit of resolution of the electron microscope (12-14). It ap- 
peared desirable, therefore, to examine by means of the electron micro- 
scope a few preparations of proteins of different molecular sizes in order 
to determine the degree of correlation between the molecular sizes and 
shapes estimated by indirect methods and those obtained by direct 
mensuration. Since the imcging of such small particles depends largely 
on contrast relations, studies of particles of silver (high density and there- 
fore high contrast) mixed with tobacco mosaic virus were first made. 
These were followed by investigations of preparations of bushy stunt virus, 
edestin, Busycon canaliculatum hemocyanin, Limulus polyphemus hemo- 
eyanin, and Viviparus malleatus hemocyanin. Micrographs of these 
preparations showed particles having sizes in reasonable agreement with 
the molecular sizes estimated by indirect methods. Furthermore, it was 
possible to determine the approximate shapes of the molecules with some 
assurance. All of the pictures were taken with the RCA type B electron 
microscope without a limiting objective aperture, and with 60 kilovolt- 
electrons. 

EXPERIMENTAL 


Silver Nitrate and Tobacco Mosaic Virus—A dilute solution of silver 
nitrate containing 0.01 mg. of ultracentrifugally purified tobacco mosaic 
virus per cc. was applied to a supporting collodion membrane and allowed 
to dry in the usual manner (9). Fig. 1 is a highly magnified reproduction 
of an electron micrograph of this preparation. The rods of tobacco mosaic 
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virus 150 A. wide and of low contrast are seen scattered over the field, 
together with numerous small particles, presumably of silver, formed dur- 
ing the preparation and evaporation of the mount. The fact that square 
images of silver particles can be recognized as such down to about 100 A. 
in diameter and hexagons down to 150 A. suggests (15) that the resolution 
is about 30 A. in this picture. Particles of silver give high contrast images 
with bright halos as long as their apparent diameters are greater than about 
100 A. Dense spherical particles with diameters smaller than the limit 
of resolution appear to produce images with areas increasing only slightly 
with the diameter of the particle, but with densities increasing in propor- 
tion to the area of the particle. Thus, the smallest image of a silver 
particle in Fig. 1 which is about 45 A. in diameter could be produced by a 
totally opaque silver particle only 15 A. in diameter, for the opacity, pro- 
portional to the cross-sectional area of the particle (1/44 X 15? sq. A), 
would be spread over the area of the image (1/4 X 45° sq. A.) to produce 
the 10 per cent contrast (15°/45* = 0.11) in the image necessary for the 
recognition of a small image. 

Because of their lower density and the resulting lower contrast in the 
image, organic materials are much less favorable. Thus, the tobacco 
mosaic virus particles, about 150 A. thick, appear in the image with only 
about twice the contrast of the smallest detectable silver particle, although 
they are much more easily recognized because the image occupies a larger 
area. Individual spherical particles of organic material might well need 
to have diameters as large as 60 to 75 A. before they would be detectable 
in the present electron microscopes, not because the image would be too 
small, but because the contrast of the images of smaller particles would be 
too low. On the other hand, it might be expected that images covering 
large areas might require less than 10 per cent contrast to be detectable, 
so that thin films of organic material 30 A. thick producing only 5 per cent 
contrast over a large area of the image could be detected. 

Bushy Stunt Virus—Bushy stunt virus, purified by differential centrif- 
ugation, was mounted on a collodion membrane in 0.1 mM phosphate buffer, 
the excess washed off in distilled water, and the remainder allowed to dry. 
A micrograph reproduced as Fig. 2 shows 113 particles having an average 
diameter of 26 mu. The diameters of 80 per cent of these do not differ 
measurably from the average figure. In several instances the particles 
are clumped together in groups of two, three, or more particles, but definite 
centers of density make it possible to resolve these into the constituent 
individual particles. The two patches of very dense areas and the two 
patches of very faint areas in the upper right of the micrograph were 
neglected in the calculations. The two light circular areas at the left 
center are due to holes in the collodion membrane. As a result of detailed 
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physicochemical studies on bushy stunt virus, it has been concluded that 
the molecules are homogeneous with respect to size, shape, and density, 
and that the spherical molecules are 26 my in diameter (16, 17). The re- 
sults obtained by means of the electron microscope therefore confirm those 
obtained earlier by indirect methods. 

Edestin—A saturated solution of a commercial preparation of edestin 
in dilute sodium chloride was mounted on a collodion membrane and 
washed forty times in distilled water. A typical micrograph obtained 
from this mount is shown in Fig. 3. It may be seen that large particles 
are almost completely absent and that most of the material appears to 
exist in the form of particles ranging up to about 11 my in diameter. This 
result is in accord with that obtained by von Ardenne (11) and with the 
molecular weight of about-300,000 calculated from sedimentation, diffu- 
sion, and specific volume data obtained in Svedberg’s laboratory (13). 
However, on the basis of a dissymmetry factor of 1.2, which has been 
suggested for edestin, the particles would be rods about 24 by 5 my in 
size (14). Although the shapes of some of the particles shown in Fig. 3 
may be regarded as evidence of departure from a spherical shape, it seems 
likely that a final decision regarding the probable asymmetry of the edestin 
molecule will require a more detailed study with the electron microscope. 

Busycon canaliculatum Hemocyanin—The hemocyanin, kindly supplied 
by Dr. W. C. Boyd, was mounted at a concentration of 10~* gm. per ce. 
in water and the micrograph shown as Fig. 4 was obtained. The average 
diameter of 74 particles is about 22 my and 54 of these have diameters be- 
tween 19 and 24 mu. Eriksson-Quensel and Svedberg found preparations 
of Busycon hemocyanin to contain material having sedimentation constants 
of 13.5, 61.1, and 101.7 (12). The preparation used in the present study 
was examined in the analytical centrifuge by Dr. M. A. Lauffer and found 
to contain three distinet components. About 40 per cent of the dissolved 
material had a sedimentation constant of 18.9, about 20 per cent a sedi- 
mentation constant of 63.5, and about 40 per cent a sedimentation constant 
of 102.0. On the basis of spherical shapes, these components would have 
particle diameters of about 10, 19, and 24 my, respectively. Althoughsix 
or seven of the particles shown in Fig. 4 have diameters of around 10 mug, 
the proportion of such small particles is smaller than would be indicated 
by the centrifuge data. If a real difference exists, it is possible that it 
might be due to aggregation of the smaller particles during the process of 
drying the mounted preparation. Svedberg (13) lists a dissymmetry 
factor of 1.4 for the smallest component; hence, another possible explana- 
tion for the failure to picture many small particles might reside in the 
smallest particles being either too thin to give recognizable images if the 
molecules are oblate spheroids or too narrow if the molecules are prolate. 
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A dissymmetry factor of 1.2 is given for the So = 101.7 component (13), 
On the basis of the usual calculation for a prolate ellipsoid of revolution, 
this would yield molecular dimensions of about 15 by 66 mu (14). Since 
the particles shown in Fig. 4 do not have these dimensions, it appears more 
likely that the asymmetry is of the plate rather than of the rod-like type. 
The fact that the molecules appear much less dense than the spherical 
particles of bushy stunt virus shown in Fig. 2 might be regarded as evi- 
dence in favor of a plate-like shape for the hemocyanin molecules. 

Limulus polyphemus Hemocyanin—A preparation of Limulus hemo- 
eyanin, kindly provided by Dr. W. C. Boyd, was mounted at a concentra- 
tion of 10-* gm. per cc. in water. Twenty of the particles shown in a typical 
micrograph (Fig. 5) have diameters of approximately 20 my, and the aver- 
age diameter of the thirty-three particles which are shown was estimated 
to be 22 mu. The large particle at the upper right appears to have a 
regular circumference, but nevertheless possesses three centers of density 
and is therefore definitely resolvable into three particles. Eriksson- 
Quensel and Svedberg found a preparation of Limulus hemocyanin to have 
four components possessing sedimentation constants of 56.5, 34.6, 16.1, 
and 5.9, respectively (12). A portion of the preparation used in the present 
study was examined in the analytical ultracentrifuge and found to contain 
but two components. The fraction comprising about 10 per cent of the 
preparation had a sedimentation constant of 87.3, and the fraction com- 
prising about 90 per cent of the material had a sedimentation constant of 
59.9. On the basis of a spherical shape, the latter or major component 
may be calculated to have a particle diameter of about 19 my. The direct 
and indirect estimations of molecular size are therefore in good agreement. 
The molecules shown in Fig. 5 are definitely thicker than those of the 
other two hemocyanins. The results indicate that the molecules of 
Limulus hemocyanin are probably essentially spherical in shape and are 
about 20 muy in diameter. 

Viviparus malleatus Hemocyanin—A preparation of the hemocyanin, 
kindly supplied by Dr. W. C. Boyd, was mounted at a concentration of 
10-* gm. per cc. in water. A typical micrograph is shown in Fig. 6. About 
thirty-two very faintly appearing particles, whose average diameter is about 
29 mu, may be seen. Eighteen of these particles are about 36 my in diam- 
eter. The faint appearance of the particles indicates that they are thin; 
hence it is probable that they have a disk- or plate-like shape. 

The sedimentation or diffusion constant of this hemocyanin does not 
appear to have been determined. Therefore, a portion of the preparation 
used for the electron micrographs was studied in the analytical ultracen- 
trifuge by Dr. M. A. Lauffer. A solution containing 3.1 mg. of protein per 
ec. in 0.1 m phosphate buffer at pH 7 was centrifuged in a 6 mm. cell at 
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22,200 n.p.M. at 22.5°. A small amount of material was practically un- 
sedimentable at the speed used and hence consisted of material of low 
molecular weight beyond the range of the electron microscope. The 
majority of the material comprised a single component which possessed a 
sedimentation constant, So,, of 95.0. On the basis of a spherical shape, 
this material should have a particle diameter of about 24 my. However, 
the diameters of most of the molecules shown in Fig. 6 are considerably 
larger than this value. This discrepancy, as well as the faint appearance 
of the particles in the micrograph, would be explainable if the dried mole- 
cules were assumed to have plate-like rather than spherical shapes. 
DISCUSSION 

The results indicate that the electron microscope is very useful in the 
elucidation of the sizes and particularly the shapes of the larger protein 
molecules. In the case of molecules which are essentially spherical in 
shape, such as, for example, bushy stunt virus and probably also Limulus 
hemocyanin, the agreement between molecular sizes estimated by indirect 
methods and those estimated directly from electron micrographs is ex; 
cellent. The fact that in one and perhaps two cases the molecular sizes 
estimated by means of the electron microscope are not in accord with 
those estimated by indirect methods based on the assumption of a spherical 
shape is a probable indication that the latter assumption is not justified. 
Discrepancies between molecular weights estimated by different indirect 
methods are usually regarded as being due to hydration, to asymmetry, or 
to both, and in most cases it is not possible to determine by the indirect 
methods which factor is the more important. For the larger protein 
molecules it is now possible to determine directly by means of the electron 
microscope the cases of molecular asymmetry due to a rod-like shape, such 
as occurs, for example, in tobacco mosaic virus (9), and it is possible to 
secure some measure of information regarding disk- or plate-like shapes, 
such as appear to occur in Viviparus hemocyanin and probably also in 
Busycon hemocyanin. This type of information, which can be provided 
by electron micrographs, should make it possible to evaluate better the 
relative importance of hydration and asymmetry in molecular weight 
estimations of the larger protein molecules. 

The pictures obtained here without a limiting objective aperture are 
quite comparable in definition to those obtained for analogous materials 
by von Ardenne using a small objective aperture (11). Apparently the 
spherical aberration of the lens itself forms an excellent natural aperture, 
free from dirt, naturally centered, and having the additional advantages of 
easier alignment of the microscope, easier focusing, and making more de- 
tail visible on the fluorescent screen for thicker specimens. 
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SUMMARY 


Preparations of five different proteins and of a mixture of tobacco mosaic 
virus and silver particles were examined by means of an electron micro- 
scope. Some of the silver particles shown in the micrograph were esti- 
mated to have diameters of about 15 A. The molecules of bushy stunt 
virus and of Limulus polyphemus hemocyanin appeared to be essentially 
spherical] in shape and to possess diameters of approximately 26 and 20 mu, 
respectively. Micrographs of Busycon canaliculatum and Viviparus mal- 
leatus hemocyanins showed particles having average diameters of about 22 
and 29 my, respectively. From the low contrast of these particles in the 
electron microscope and from a consideration of ultracentrifuge data, it is 
inferred that the molecules of these two hemocyanins are probably plate- 
like in shape. The micrograph of edestin showed many particles ranging 
up to about 11 my in diameter and an almost complete absence of larger 


particles. 
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EXPLANATION OF PLATES 
PLATE | 

Fia. 1. Electron micrograph of tobacco mosaic virus with minute silver particles. 
The latter can be detected down to diameters of about 15 A. Xx 100,000. All pic- 
tures were taken with 60 kilovolt-electrons. 

Fic. 2. Electron micrograph showing spherical molecules of bushy stunt virus 
about 26 mu in diameter. X 35,600. 

Fie. 3. Electron micrograph of commercial edestin showing particles most of which 


range up to about 11 my in diameter. X 35,600 
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PLATE 2 


Fic. 4. Electron mi rograph showing molecules of Busycon canaliculat 


eyanin, most of which have a diameter of about 22 my Xx 48.000 Che low 





im hemo 


contrast 


of the particles in comparison with those of bushy stunt virus indicates a disk-like 


shape 

Fig. 5. Electron micrograph of Limulus polyphemus hemocyanin showing essen- 
tially spherical molecules having a diameter of about 20 my x 48,000 

Fic. 6. Electron micrograph showing disk-shaped molecules of Virtpa mal- 
leatus hemocyanin about 29 mu in diameter x 48.000 
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THE NATURE OF THE GLYCEROPHOSPHORIC ACID PRESENT 
IN PHOSPHATIDES 


By JORDI FOLCH 
(From the Hospital of The Rockefeller Institute for Medical Research, New York) 


(Received for publication, August 27, 1942) 


Early work of Willstiétter and Ludecke (1) on glycerophosphorie acid 
from egg lecithin and of Levene and Rolf (2) on glycerophosphorie acid 
prepared both from brain lecithin and from brain cephalin seemed to estab- 
lish that glycerophosphoric acid from all three sources was optically active 
and essentially the same and therefore was the a form. On the other hand 
Bailly (3) could not find any optical activity in glycerophosphoric acid 
carefully isolated from different phosphatides. Karrer and Salomon (4), 
making use of the fact that barium forms a double salt with nitric acid and 
8-glycerophosphorie acid but not with a-glycerophosphorie acid, showed 
that glycerophosphoric acid from phosphatides was a mixture of both a 
and 8 forms. Although they found a? = —0.40° for the mixture of the 
two forms, the a form isolated from the mixture failed to show any optical 
activity. Therefore, Karrer and Salomon attributed to impurities the 
optical activity of the mixture. 

Fleury and Lange (5), in 1933, provided a simple and accurate method 
for the estimation of a-glycerophosphoric acid in mixtures of a and 8 forms 
by the use of HIO,, then recently shown by Malaprade (6) to be a specific 
reagent for polyalecohols having the CH(OH)—CH(OH)— group. 
Fleury and Lange found in accordance with this principle that a-glycero- 
phosphoric acid reacted in a few minutes, a mole of HIO, being used per 
mole of glycerophosphoric acid, while 6-glycerophosphoric acid was 
completely stable under the same conditions. Previously to this work, 
Bailly and Gaumé (7) had been accumulating evidence to the effect that 
in methyl esters of glycerophosphoric acid, the phosphoryl radical migrated 
from the a to the 8 position on the glycerol carbon chain, under a series of 
treatments that fell short of actual hydrolysis. Later M. C. Bailly (8) 
showed that 8-glycerophosphoric acid can be quantitatively changed to 
a-glycerophosphoric acid by treatment with boiling acid under certain 
conditions. She showed also (9) that this is a reversible change and that 
the point of equilibrium between the @ and 8 forms depends on conditions 
of treatment: treatment with alkali brings a predominance of the 8 form 
and acid treatment brings a predominance of the aform. Her results have 
been confirmed by Verkade et al. (10). Obviously these findings make it 
impossible to ascertain in which form glycerophosphoric acid is present in 
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phosphatides by study of the glvcerophosphorie acid left after the fatty 
acids are hydrolyzed off with acid or alkali. 

In the course of work on the chemistry of phosphatides isolated from the 
cephalin fraction of brain lipids the writer has been brought to reconsider 
the nature of glycerophosphoric acid present in these phosphatides, 
Barium glycerophosphate has been prepared, by a procedure described 
elsewhere (11), from three different components of brain “cephalin;” 
namely, an inositol-containing phosphatide fraction (12), phosphatidyl 
serine (13), and phosphatidy! ethanolamine (11). The method of prepara- 
tion involved boiling of the phosphatides 30 minutes with 6 N HCl to 
hydrolyze off the fatty acids and nitrogenous constituents, leaving the 
glycerophosphoric acid intact Glvcerophosphorie acid prepared irom 
the three different fractions was analyzed for a-glycerophosphorie acid 
by the HIO, method of Fleury and Lange (5) and found to consist in all 
three cases of about 73 per cent a form and about 27 per cent 8 form. Bar- 
lum glycerophosphate prepared from all three sources in concentrations 
up to 15 per cent has been found optically inactive. Furthermore pure 
8-glycerophosphoric acid and a-glycerophosphoric acid (prepared from the 
8 torm by M. C. Baillv’s method (8 have been submitted separately to 
the acid hydrolysis used for the isolation of glycerophe sphates from phos- 
phatides and in both cases the same mixture of 73 per cent a form and 27 
per cent 8 form was vielded, regardless of which isomer was present at the 
start. Finally glycerophosphoric acid has been prepared from phos- 
phatidyl serine (13) with cold barium hydroxide as a hydrolyzing agent 
instead of HCl. The glycerophosphate obtained has been found to be 80 
per cent 8 ferm and optically inactive. 

The lack of optical activity of glycerophosphorie acid prepared from 
phosphatides is to be « xpected since migration of the phosphoryl! radical 
must result in a racemic product. Our results on this point confirm those 
of Bailly (3) and Karrer and Salomon (4 Such shght optical activity as 
has been found in samples of glvcerophosphoric acid from phosphatides by 
other workers La) prol ably due to the presence Ol small amounts of 
optically active impurities. Unfortunately in most cases glycerophos- 
phorie acid has been identified as the barium salt merely by a barium 
analy sis, and it is therefore difficult to ascertain how pure most prepara- 


tions wert 


SUMMAR\ 


The methods of isolation hitherto used to prepare glycerophosphorie acid 
from phosphatides hydrolyzed with alkali or acid vield optically inactive 
mixtures of a- and 8-glycerophosphorie acids, in proportions which depend 


on the conditions of hvdrolvsis Hence available data do not provide 
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evidence as to whether the glycerophosphoric acid in phosphatides is the 


a or the B form. 


BIBLIOGRAPHY 


1. Willstatter, R., and Ludecke, K., Ber. chem. Ges., 37, 3753 (1904). 


2. Levene, P. A., and Rolf, I. P., J. Biol. Chem., 40, 1 (1919). 
3. Bailly, O., Ann. chim., 6, 96, 215 (1916). 

1. Karrer, P., and Salomon, H., //elv. chim. acta, 9, 3 (1926). 
5 


Fleury , P., and Lange, ' © Compl. rend. Acad, 196, 1416 1933). 


6. Malaprade, L., Bull. Soc. chim., 43, 683 (1928). 


199, 793 (1934 

S Bailly, M. C.., Compt. re nd. Acad., 206, 1902 (1938). 

9. Bailly, M. C., Compt. rend. Acad., 208, 443, 1820 (1939) 

10. Verkade, P. E., Stoppelenburg, J. C., and Cohen, W. D., Ree 
Bas, 69, 886 (1940). 

11. Folch, J., J. Biol. Chem., 146, 35 (1942). 

12. Folch, J., and Woolley, D. W., J. Biol. Chem., 142, 963 (1942). 

3. Folch, J., J. Biol. Chem., 189, 973 (1941). 


7. Bailly, O., and Gaumé, J., Compt. rend. Acad., 183, 67 (1926); 198, 1932 (1934); 


trav. chim. Pays- 























BRAIN CEPHALIN, A MIXTURE OF PHOSPHATIDES. SEPARA- 
TION FROM IT OF PHOSPHATIDYL SERINE, PHOSPHATIDYL 
ETHANOLAMINE, AND A FRACTION CONTAINING AN 
INOSITOL PHOSPHATIDE* 


By JORDI FOLCH 
(From the Hospital of The Rockefeller Institute for Medical Research, New York) 


(Received for publication, August 27, 1942) 


The phosphatide fraction from brain called “‘cephalin” (1) was formerly 
accepted as a definite compound of glycerophosphoric acid with 2 molecules 
of fatty acids and 1 of ethanolamine. Folch and Schneider (2) have re- 
cently shown, however, that cephalin prepared by standard methods has 
40 to 70 per cent of its nitrogenous constituent not in ethanolamine but 
in (+)-serine. A phosphatide has been separated from cephalin that has 
all of its nitrogen as a 6-hydroxyamino acid and the latter has been isolated 
as pure /(+)-serine. This phosphatide has been given the name of 
phosphatidyl serine (3). 

In a recent note (4) it has been shown that brain “cephalin” contains still 
other phosphatides, and that part of it consists of one or more phosphatides 
containing inositol. 

The present paper contains detailed proof of this statement and descrip- 
tion of a method for separation from cephalin of three different fractions. 
The method is based on the fact that the individual phosphatides, the mix- 
ture of which is called brain cephalin, exhibit marked differences in their 
respective solubilities in mixtures of chloroform and alcohol. The separa- 
tion was achieved by adding to a chloroform solution of brain cephalin 
increasing amounts of aleohol and collecting separately material precipi- 
tated at different concentrations of aleohol in the mixture. Cephalin 
prepared from brain by the classical methods has thereby been separated 
into three fractions: (a) phosphatidyl ethanolamine so called because it has 
its nitrogen as ethanolamine and its P as glycerophosphoric acid; it appears 
to have the composition previously attributed to the entire cephalin; (b) 
phosphatidyl serine; and (c) a mixture of phosphatides of which at least 
one contains inositol. 

The inositol-containing fraction itself is a mixture characterized, as 
compared with phosphatidyl ethanolamine and phosphatidyl serine, by 
relatively low solubility in alcohol, low carbon content, high phosphorus 
content and P:N ratio, and the presence of inositol. Part of the nitrogen 

* Presented before the Twenty-fifth meeting of the Federation of American Socie- 
ties for Experimental Biology and Medicine at Boston, April 1-4, 1942. 
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is in the form of serine, and there is glycerol as well as inositol. Of serine 
and glycerol, one or.both may be due partly or entirely to the presence of 
phosphatidyl serine mixed with the inositol phosphatide. 

Phosphatidyl ethanolamine, probably isolated in a relative state of purity 
for the first time, is freely soluble in alcohol. Its constituent fatty acids 
are different from those in phosphatidyl serine as shown by its iodine num- 
ber of 78 as compared to 33 for phosphatidyl serine. As isolated from brain 
without acid treatment, it is free of ash, while phosphatidyl serine thus 
isolated is a salt, mostly of potassium. It seems desirable to call this 
substance phosphatidyl ethanolamine rather than cephalin, because the lat- 
ter name has for decades been applied to a mixture of different composition, 
and of different properties. Thus “cephalin” indicates a phosphatide 
mixture insoluble in alcohol, whereas the separated phosphatidyl ethanol- 
amine is freely soluble in alcohol. 

That cephalin which appears to be such a crude mixture has not been 
fractionated before is probably due to the fact that it has been customary 
to free cephalin from water-soluble impurities by treatment with HCl. 
This treatment removes potassium and sodium with which the acidie 
phosphatides, namely phosphatidyl serine and most of the constituents 
of the mixture referred to as inositol phosphatide fraction, are combined, 
and leaves all three cephalin fractions in the form of free acids. This mix- 
ture is difficult to fractionate. Our methods of fractionation have sue- 
ceeded partly because, of the initial cephalin mixture used, the phosphatidyl 
ethanolamine was present as the free ampholyte, while the other two 
fractions were in the form of potassium and sodium salts. 

That phosphatidyl ethanolamine is not the result of postmortem de- 
carboxylation of phosphatidyl serine was shown by the fact that cephalin 
prepared from brain removed from an anesthesized dog and minced imme- 
diately with acetone cooled at —72° contained the same amounts of 
ethanolamine and of serine as cephalin prepared in the usual way. 


EXPERIMENTAL 


Analytical Methods—Manometric methods were routinely used for the 
estimation of C (5), P (6), N (7), NHe-N (8), and carboxyl N (9). Inositol! 
was estimated by Woolley’s microbiological method (10), iodine numbers 
by Yasuda’s method (11), and glycerol by the Blix method (12). Barium 
was estimated by weighing it as BaSO,. 

In some cases in which elementary composition has been used for identi- 
fication of compounds, C and H were estimated by dry combustion, lead 
chromate being used in compounds that had ash, and N by the Dumas 
method. It has been found that C values by the wet combustion method 


1 Inositol analyses were carried out by Dr. D. W. Woolley. 
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of Van Slyke and Folch (5) agreed with those obtained by dry combustion. 
In the case of some lipid fractions it was also found that values for total 
N estimated by the Dumas method were about 1.01 times those obtained 
by manometric micro-Kjeldahl determination (7). 

Ashing was carried out by heating a weighed sample of material in a 
silica crucible at 500° in an electric furnace to constant weight. Overnight 
heating has been found sufficient. On some ashes, estimations of Ca (13), 
Mg (14), I< (15), and Na (16) were carried out.’ 

Preparation of Brain Cephalin--By introducing into the preparation 
of brain cephalin the use of a mechanical mincer, the use of dialysis to 
remove water-scluble impurities, and the use of freezing and drying in a 
high vacuum as a means of removing water, it has been possible to obtain 
cephalin from brain with a higher yield, in a shorter time, and by a milder 
treatment than before. 


Fresh ox brains are freed of membranes and the tissue minced with acetone in a 
Waring blendor. About 100 gm. of tissue at a time are introduced into the cup, the 
blades set in motion, and 300 cc. of acetone added slowly. The mincing is let go on 
for about 2 minutes. After the entire material has been minced, the portions are 
combined and acetone is added so that there are at least 3.8 ec. of acetone per gm. of 
tissue. With less acetone the separation of acetone-insoluble material takes place 
very slowly or not at all. With more than 3.8 ec. per gm. of tissue, on the other hand, 
the acetone-insoluble material precipitates out very quickly and filtration can 
be started within a few minutes. 

The acetone is filtered off and discarded. The precipitate is extracted in suc- 
cession, a second time with acetone, once with alcohol, and twice with petroleum 
ether (b.p. 30-60°), some 4 ec. of each solvent being used per gm. of original tissue. 
The two petroleum ether extracts are combined and concentrated to dryness by 
vacuum distillation. It is important to carry the removal of petroleum ether to com- 
pletion. The residue is then dissolved in ethyl ether, some 200 ec. of ethyl ether 
being used for each kilo of original tissue. Only part of the residue is soluble in 
ether, but all of it will go into suspension; at this point the suspension would resist 
centrifugation. However, if it is transferred to a glass-stoppered cylinder and let 
stand in the ice box, the suspended material starts to settle out after a day or two. 
When a clear supernatant solution appears in the upper quarter of the cylinder, the 
suspension can be separated by centrifugation. It is then spun down and washed 
twice with cold ether, the washings being added to the ether extract. 

The combined ether extracts are concentrated to dryness by vacuum distillation 


at room temperature and the residue is dissolved in ether, 50 ec. being used for each 


kilo of initial brain tissue. The ethereal solution is let stand in a cylinder in the ice 
box overnight \ny precipitate that forms is discarded. The ether solution is 
diluted with an equal volume of ether, and 5 volumes of alcohol are added slowly with 


stirring to precipitate the cephalin. The mixture is let stand at room temperature 
until a clear supernatant is formed, which usually takes less than an hour. The crude 


il 


cephalin precipitate is collected on a Buchner filter and suspended in acetone, 100 


?Ca and Mg estimations were made by Dr. K. Emerson, Jr. K and Na estima- 
tions were made by Dr. W. W. Beckman. 
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ec. being used per kilo of original brain tissue. The suspension is shaken 40 minutes 
to dissolve acetone-soluble impurities. The clear supernatant is discarded, fresh 
acetone added to the precipitate, and the procedure repeated. The cephalin powder 
is then collected on a Buchner filter and dried. 


The product is a tan powder. The vield is about 15 gm. per kilo of initial 
tissue. A typical preparation on analysis yields C 55.2, P 4.13, N 1.59, 
NH:-N 1.51, carboxyl N 0.76 per cent, NH2-N:N 0.96, P:N 1.17. 

Fractionation of Brain Cephalin by the Chloroform-Alcohol Method—The 
procedure must be applied to cephalin that has not been treated with 
dilute HCl. 


1 gm. of the above preparation of cephalin is dissolved in 8 ec. of CHCl]; and to the 
clear solution are added 9.1 ec. of absolute alcohol (1.135 as much alcohol as chloro- 


form by volume A turbidity develops and on standing or by centrifugation the 
mixture resolves itself into a viscous underlying layer (Fraction I) and a clear super- 
natant. The supernatant is decanted and mixed with 2.7 ce. of aleohol. From the 
alcoholic mixture a second underlying layer separates out Fraction II). The 
supernatant is decanted and to it are added 25 ec. of aleohol. A precipitate appears 
which is collected on a Buchner filter (Fraction III) and dried. The filtrate is con- 


centrated to half its volume in a vacuum and let stand in the ice box for 2 or 3 days. 


A precipitate that forms (Fraction IV) is separated by filtration in the cold and dried. 
The filtrate is concentrated to 1 ec. and to it 5 ce. of acetone are added After the 
mixture has stood in the ice box for 1 day, an acetone-insoluble material is pre cipi 
tated (Fraction \ It is filtered and dried. To the viscous solutions that constitute 
Fractions I and II, alcohol is added Solid precipitates are formed that can be col 
lected on Buchner filters and dried. 

All five fractions are then freed of water-soluble impurities by dialysis. Of each 
fraction a3 per cent aqueous emulsion is prepared by adding 30 cc. of water per gm. of 
material and shaking until homogeneous. The emulsion is then transferred to a cello- 
phane casing and dialyzed at 4° against distilled water for 4 days with several changes 
of the outside liquid. After this the emulsion is transferred to a round bottom flask, 
frozen by partly immersing the flask in a mixture of alcohol and solid CO», and while 
frozen dried in a high vacuum (0.1 mm. of Hg or better). The product is a white 
powder too fluffy to be handled conveniently To remedy this, the material 1s sus- 


pended in acetone, collected on a Buchner filter, and dried. 


Analysis of Fractions Obtained from Brain Cephalin by Chloroform- 
Alcohol Method—The results of chemical analysis of the different fractions 
are tabulated in Table I. From inspection of the results it is seen that 
Fractions II and IV, which together account for less than one-fourth of 
the parental cephalin, are mixtures of fractions adjoining them. On the 
other hand, Fractions I, III, and V exhibit striking differences in composi- 
tion. Fraction I contains inositol, which is absent from Fractions III and 
V. Fraction III is phosphatidyl serine having over 90 per cent of its 
nitrogen as amino acid nitrogen. Fraction V, phosphatidyl ethanolamine, 
has practically no amino acid nitrogen and on further study is shown to 


have most of its nitrogen as ethanolamine. 
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FRACTION CONTAINING INOSITOL PHOSPHATIDE 


This fraction appears as a loose white powder that may or may not ac- 
quire a slight tan color on standing in vacuo over calcium chloride or on 
being recovered from solutions in organic solvents. Over calcium chloride 
in an evacuated desiccator at room temperature it retains about 1.6 per 
cent water which it loses at 80° and regains when stored away in the 
desiccator, even in vacuo. 

The chemical composition is given in Table I. The large amount of 
ash probably indicates that a large part of the phosphatide material is 
strongly acidic in character. 


TABLE | 
Analysis of Fractions Isolated from Brain Cephalin by Chloroform-Alcohol Method 


Fraction V 


Fraction I Fraction III (phospha- 
Component inositol Fraction II (phospha- Fraction IV tidy] 
aris ey tidy! serine) ethanol- 
tide amine) 
i 2) (3) (4) (5) (6) 
per cent per cent per cent per cent per cent 
C 55.0 59.0 60.2 63.0 66.1 
P 4.25 3.86 3.58 3.60 3.65 
N 1.15 1.36 1.62 1.75 1.78 
Amino N* 1.15 1.36 1.64 1.60 1.50 
Carboxyl Nt 0.70 0.80 1.47 0.60 <0.02 
Inositol 6.8 3.4 <0.20 <0.20 <0.20 
Iodine No 65.0 39.8 78.0 
Ash 16.7 12.8 2.5 
Yieldin gm. per 100 gm.cephalin.| 22.0 10.0 27.0 8.0 15.0 


* By the nitrous acid manometric method (8). 
* By the ninhydrin-CO, method of Van Slyke, Dillon, MacFadyen, and 
Hamilton (9). 


Among the products of hydrolysis inositol, glycerophosphorie acid, and 
serine have been isolated. 

Tnositol— The isolation of inositol has already been described (4). The 
amount isolated was 60 per cent of the amount found by analysis (Column 
2, Table I). 


Isolation of Glycerophosphoric Acid from Inositol Phosphatide Fraction 


To remove ash, 4 gm. of Fraction I (Table I) were emulsified with 200 cc. of water 
and 50ece. of 6N HCI were added tothe emulsion. The precipitate that was formed was 
spun down, washed once with Nn HCl, and hydrolyzed with 6 n HCl for 40 minutes 
under a reflux. This treatment hydrolyzes off nitrogenous constituents and fatty 
acids, but leaves phosphoric acid bound to glycerol. Whether this treatment splits 
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PO, from inositol is uncertain. After cooling, the fatty acids were filtered off, and 
the filtrate concentrated to dryness by vacuum distillation. The dry residue wag 
taken up in water, and the solution decolorized with ash free charcoal and concen- 
trated to a volume of about 4 ce To this 36 ec. of aleohol were added and the whole 
let stand overnight in the ice box to precipitate material other than glye« rophosphorie 
acid. The next day the precipitate was spun down and the clear supernatant col- 
lected and concentrated to dryness by vacuum distillation. The residue was dis- 
solved in water and Ag.O and acetic acid were added to the solution to remove Cl* 
and PO,***. The excess Ag was removed by H.S, the filtrate ¢ mcentrated to dryness 
by vacuum distillation, and the residue dissolved in water. ‘To precipitate glycero- 
phosphoric acid neutral lead acetate (25 per cent aqueous solution) was added until 
no more precipitate formed. The lead glycerophosphate was washed with water by 
centrifugation It was then suspended in water, and cd composed with H.S, the 
glycerophosphoric acid passing into solution. The filtered solution was concentrated 
in vacuo, brought to about 15 ce r and alkalinized to pH 10 by addition of s iturated 
aqueous Ba(OH),. solution An equal volume of aleohol was added and the solution 
was let stand overnight in the ice box to precipitate barium glycerophosph ite The 
latter was spun down, washed twice with cold 50 per cent alcohol, and dried at 140 


in a vacuum to constant weight 

The product weighed 510 mg. and on analysis proved to be barium 
glycerophosphate. It was free of inositol and of nitrogen. It accounted 
for 30 per cent of the phosphorus present in the starting material. The 
results were as follows: 


C;H;,O.PBa Calculated C 11.73, P 10.1, Ba 44.5, glycerol 29.2 


Found 2 9.95, * 45.3. ' ot. 


y 


Isolation of Serine from Inositol Phosphatide FP action 


To remove ash, 3.5 gm. of Fraction I (Table I) were emulsified with 150 ec. of water 
and acidified with 12 ec. of concentrated HCl. A precipitate of the inositol-contain- 
ing fraction formed and was spun down, washed once with N HCl, and hydrolyzed 
with boiling 6 Nn HCI for 30 minutes under a reflux After cooling, the fatty acids were 
filtered off The filtrate was concentrated to aryness by vacuum distillation The 
residue was dissolved in 15 ce. of water and decolorized with ash-free charcoal To 
precipitate the serine, 1.1 gm. of Pp hydroxyazobenzene p sulfonic acid i reagent 
introduced into amino acid chemistry by Stein, Moore, Stamm, Chou, and Be gmann 

17), were added and dissolved with heat The solution was let stand in the ice box 
for 2 days. Crystals appeared which were spun down in the cold and washed three 
times with 4 cc pol tions of cold water The dry cry stals weighed 318 mg 

The supernatant and the washings were combined, concentrated to a volume of 6 
ec., and let stand in the ice box \ second crop of erystals was thus obt ined They 


were collected and washed twice with cold water They weighed 198 mg 
On analysis both crops proved to be serine p-hydroxyazobenzene-p- 
sulfonate. They accounted for 76.5 per cent of carboxyl N in the starting 
material. The results are given in Table IT. 
p-Hydroxyazobenzene-p-sulfonie acid was provided by the kindness of Dr. Max 


Bergmann 














J. FOLCH 41 


PHOSPHATIDYL ETHANOLAMINE 


The preparation was a slightly sticky white powder. On standing in a 
vacuum in the dark in a desiccator it acquired in a fortnight a tan color that 
turned later into a deep brown. With the change in color there was a 
progressive increase in stickiness which made the material difficult to 
handle. The change in physical appearance was not accompanied by any 
observable change in elementary composition. 

The material, either fresh or colored, retained 1.7 per cent water. Dry- 
ing at 80° in a vacuum removed this water, but when the material was 
replaced in a desiccator over calcium chloride it regained its former weight 
even in vacuo. 

As seen from Table I, the composition accords with the formula assigned 
to cephalin in classical biochemistry. The absence of ash is to be expected 
from a compound having both an acidic and a basic group free. Among 


TaBLeE II 
Analysis of Serine p-Hydroxyazobenzene-p-sulfonate Isolated from Fraction Containing 
Inositol Phosphatide 


Calculated for 
Found for Ist Found for 2nd serine p-hydroxyazo- 
crop of crystals crop of crystals benzene-p-sulfo- 
nate (CisH:707N:S) 


Components 


per cent per cent per cent 
- 46.8 46.9 47.0 
H 4.37 4.37 4.44 
NH.-N 3.71 3.68 3.66 
Carboxyl N (ef.(9)) 3.71 3.69 3.66 
Ash 0.09 0.10 0.00 


its cleavage products ethanolamine and glycerophosphorie acid have been 
isolated with high yields. Its iodine number is 78, which shows the pres- 
ence of two double bonds for each atom of P. Therefore its fatty acids are 
different from those in phosphatidyl serine. 

All the analytical figures in Table I (Column 6) were determined by 
direct analysis of the phosphatide or its ash, except the amino nitrogen 


‘determined by the nitrous acid method. Using water emulsions of phos- 


phatidy] ethanolamine, we obtained results which were low and inconsistent, 
presumably because the emulsion coagulated in the nitrous acid mixture 
and became partly inaccessible to the reagent. Consequently, to determine 
the NH, nitrogen, the phosphatide was hydrolyzed for 4 hours with boiling 
4~ HCl under a reflux. After cooling, the mixture was made up to volume 
and filtered free of separated fatty acids. The amino nitrogen was deter- 
mined (8) on aliquot portions which were neutralized before the analysis. 
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Isolation of Ethanolamine fron. Phosphatidyl Ethanolamine 


To remove ash and water-soluble impurities, 4.5 gm. of Fraction V (Table I) were 
emulsified with 300 cc. of water and 25 cc. of concentrated HCl were added to the 
emulsion. The precipitate that formed was spun down, washed once with n HCl, 
and hydrolyzed with boiling 4N HCl for 5 hours under a reflux. After cooling, 
the hydrolysate was filtered to remove the fatty acids and the filtrate concentrated 
to dryness by vacuum distillation. The residue was taken up in 25 ee. of water, the 
solution decolorized with ash-free charcoal, and 2.5 gm. of p-hydroxyazobenzene-p- 
sulfonic acid,* a reagent for ethanolamine introduced by Stein, Moore, Stamm, Chou, 
and Bergmann,‘ added to it and dissolved with heat. This reagent forms insoluble 
salts both with serine and ethanolamine. It could be used in this case to precipitate 
ethanolamine for analysis, because the amount of serine present was shown by 
carboxyl N (9) determination to be negligible. The solution was let stand overnight 
in the ice box. Crystals that formed were spun down in the cold and washed three 
times with 7 cc. portions of cold water. The dry crystals weighed 870 mg. 

The supernatant and the washings were combined, concentrated to a volume of 8 


ee., and let crystallize overnight in the ice box. The second crop of crystals was spun 


Taste III 
Analysis of Ethanolamine p-Hydroxyazobenzene-p-sulfonate Isolated from 
Phosphatidyl Ethanolamine 


Calculated for 
Found for Ist Found for 2nd eee © 


Components crop of crystals crop of crystals hyde penn eo pe 
CyHy7O5N,S 
per cent per cent per cent 
C 19.37 19.42 19.55 
H 5.20 5.22 5.19 
NH,-N 1.07 4.10 1.13 
Carboxyl N 0.00 0.00 0.00 
Ash 0.12 0.15 0.00 
down in the cold and washed twice with 2 cc. each time of cold water. The dry 


crystals weighed 368 mg 


On analysis both crops of crystals proved to be ethanolamine p-hydroxy- 


azobenzene-p-sulfonate. They accounted for 74 per cent of NH»-N in 


the starting material. The results are given in Table III. 
Isolation of Glycerophosphoric Acid from Phosphatidyl Ethanolamine 


To remove ash, 2 gm. of Fraction V (Table I) were emulsified in 150 cc. of water and 
10 ee. of concentrated HC! were added to the emulsion. The precipitate that formed 
was spun down, washed once with 0.6 n HCl, and boiled for 30 minutes with 6 N 
HCl under a reflux to split off the ethanolamine and fatty acids from the glycerophos 
phoric acid. After cooling, the fatty acids were filtered off, the filtrate concentrated 
to dryness by vacuum distillation, and the residue taken up in 25 cc. of water. To 


‘Stein, W. H., Moore, 8., Stamm, G., Chou, C. Y., and Bergmann, M., unpublished 


results. 
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the solution were added 0.5 cc. of concentrated acetic acid and 1.5 gm. of Ag,O to 
remove Cl* and PO,***. From here on the procedure followed was exactly that 
described for the isolation of glycerophosphoric acid from the inositol phosphatide 


fraction. 


The material obtained weighed 437 mg. On analysis it proved to be 
barium glycerophosphate. It was free of N. It accounted for 61 per cent 
of P in the starting material. The results were as follows: 


C;H;O.PBa. Calculated. C 11.73, P 10.1, Ba 44.5, glycerol 29.2 
Found. “ee. “Bi, * 435, . 28.3 


The writer is indebted to Dr. D. D. Van Slyke for constant advice and 
helpful criticism. 


SUMMARY 


1. The ‘“cephalin” fraction of brain phosphatides, formerly accepted as 
a definite compound, is shown to be a mixture of phosphatides. The 
individual phosphatides in the mixture exhibit differences in their respec- 
tive solubilities in mixtures of chloroform and alcohol. This fact is made 
use of for the separation from ¢ephalin of three different fractions; namely, 
(a) phosphatidyl serine (3), (b) a compound which has the composition 
formerly attributed to the whole cephalin, and which is called phosphatidyl 
ethanolamine, and (c) a mixture of phosphatides one or more of which 
contain inositol as a constituent (4). 

2. The fraction containing inositol phosphatide is less soluble in alcohol 
than either phosphatidy] serine or phosphatidyl! ethanolamine; from it have 
been isolated, besides inositol, glycerophosphoric acid and serine, the pres- 
ence of which indicates the probable presence of phosphatidyl serine in 
the mixture. 

3. Phosphatidyl ethanolamine, unlike the cephalin to which its com- 
position was formerly assigned, is freely soluble in alcohol. From it have 
been isolated ethanolamine and glycerophosphoric acid. 

1. With the exception of phosphatidyl ethanolamine, the phosphatides 
in the cephalin fraction of brain lipids are strongly acidic in character and 
are isolated from brain as salts of potassium and sodium when treatment 
with mineral acid is avoided in the isolation. Treatment with HCl removes 
the alkali cations. The method described for separating the phosphatides 
of cephalin is effective only when applied to material that has not had its 


mineral bases removed. 
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FAT METABOLISM IN THE LUNGS 


By P. L. MacLACHLAN 


(From the Department of Biochemistry, School of Medicine, West Virginia University, 
Morgantown) 


(Received for publication, August 31, 1942) 


The importance of the blood in the transport of fat in the body is evident 
from the lipemia which normally accompanies fat absorption. The partic- 
ipation of the liver and the intestinal mucosa in the metabolism of fat, 
through the processes of desaturation and phosphorylation, is generally 
accepted (1). That the lungs, as well, participate in fat metabolism has 
been claimed by Hetenyi (2), who found that following the administration 
of olive oil to rabbits and dogs the fat content of the lungs was increased 
as much as 600 per erent. His interpretation was that fat absorbed from 
the small intestine reaches the lungs by way of the lymph channels, is 
temporarily detained there, and later released to the blood. On theother 
hand, Schrade (3) could find no change in the total blood fat content as 
the blood passes through the lung capillaries, either in the fasting state or 
during fat absorption. Sinclair (4) found that the incorporation of elaidic 
acid into the phospholipids of the lungs of rats fed a high elaidin diet was 
low compared to such organs as the small intestine, the liver, skeletal 
muscle, kidneys, heart, and red blood cells. 

In the present study the problem of the participation of the lungs in fat 
metabolism has been subjected to investigation by determining changes in 
the lipid content of the lungs, first, during active fat absorption from the 
intestine, and second, during fasting, when there are rapid mobilization 
and utilization of stored fat. 


Methods 


Male, 3 month-old, albino mice, previously maintained on a diet of oats 
and Purina dog chow, were used. After initial weighing the mice were 
placed in individual wire cages which had coarse screen bottoms, so that 
coprophagy was minimal. Water was supplied ad libitum. The tempera- 
ture of the room was reasonably constant at about 25°. Food was with- 
held from the mice used in the fat absorption experiments for 10 to 12 
hours to insure better consumption of the high fat diet. They were then 
fed ground Purina dog chow supplemented with 40 per cent lard, and 
sacrificed at intervals of 4 to 63 hours later. Blood samples were obtained 
from the axillary artery according to the method described by Kuhn (5). 
The lungs were removed as quickly as possible, weighed, and placed in 95 
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Fie. 1. The effect of a high fat diet and fasting on the blood lipids of mice. The 
figures in parentheses represent the number of animals used. 
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Fig. 2. The effect of a high fat diet and fasting on the lung lipids of mice. The 
figures in parentheses represent the number of animals used. 
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per cent alcohol. In the fasting experiments food was withheld from the 
mice for 1 and 2 day periods prior to sacrificing them. After the final 
weighing, blood samples were drawn by heart puncture and the lungs taken 
for analysis. The whole blood and the lung samples were analyzed by 
standard methods for phospholipid (6) and acetone-soluble lipid (neutral 
fat and cholesterol) (7), from which the total lipid values were calculated. 


RESULTS AND DISCUSSION 


The lipemia which normally accompanies fat absorption from the in- 
testine was found to reach its maximum 5 hours following the administra- 
tion of the high fat diet (Fig. 1) and amounted to an increase of 43 per cent 
over the control level. While the blood phospholipid showed an increase 
of 24 per cent at this time, the rise in the total lipid content was due 
largely to an increase (58 per cent) in the neutral fat and cholesterol frac- 
tion. 

The lipid content of the lungs of mice maintained on a standard diet 
varied from 2.96 to 4.10 per cent, with an average value of 3.46 per cent. 
The variation was confined mainly to the neutral fat and cholesterol 
fraction. Following the administration of a high fat diet, the total lipid 
content of the lungs was likewise variable, ranging from 3.24 to 5.05 per 
cent. However, no statistically significant increase over the control level 
was evident (Fig. 2). The phospholipid content of the lungs during this 
period was strikingly constant; the variation in total lipid was due chiefly 
to changes in the acetone-soluble fraction. 

Mice fasted for 1 and 2 day periods, during which time they lost 15 to 20 
per cent of their body weight, showed a moderate lipemia (Fig. 1) amount- 
ing to about 14 per cent on the Ist day. In contrast to the lipemia oc- 
curring in the fat-fed mice, the observed increase in the total lipid content 
of the blood was due mainly, if not entirely, to an increase (32 per cent) 
in the phospholipid fraction. These results are in agreement with those 
previously reported for fasted mice (8). 

Fasting mice will completely deplete their fat reserves in 48 hours and 
at the same time show a marked increase in liver fat (9). During such a 
period of rapid mobilization and utilization of stored fat the lipids of the 
lungs failed to show any significant changes from normal (Fig. 2). 


SUMMARY 


Male, 3 month-old, albino mice showed no significant changes from 
normal in the lipid content of the lungs, either during active absorption 
of fat from the intestine accompanied by a marked lipemia or during fasting 
for 1 and 2 day periods, when there are rapid mobilization and utilization 
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of stored fat. These observations do not support the conclusion that the 
lungs actively participate in fat metabolism. 
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The most active preparation of the calcium-controlling principle of the 
parathyroid gland was, at the time this investigation was undertaken, 
that of Collip and Clark (1). This had been obtained by acid extraction 
of cattle glands followed by several isoelectric precipitations. The product, 
which had an activity of approximately 110 v.s.P.' units per mg. of nitrogen, 
behaved as a fairly well characterized protein, but there was no evidence 
for its chemical homogeneity. The material used by Tweedy and his 
collaborators in a series of investigations of the chemical nature of the 
hormone was obtained by a somewhat modified procedure, and in all ex- 
amples reported (2-5) had an activity equal to about half that of Collip’s 
earlier preparation. The physical nature of these various products, as 
well as their relatively low biological activity, suggested that a considerable 
purification should be possible if an appropriate method were found. 
Chemical study of such a preparation should yield valuable information 
regarding the nature of the active principle. 

The present communication describes a procedure which provides a 
parathyroid hormone preparation having a potency of approximately 300 
U.s.P. units per mg. of nitrogen. A number of observations regarding the 
physical and chemical properties of this product are also reported, 


Method of Assay 


Any study of the parathyroid hormone is greatly handicapped by the 
unsatisfactory nature of the methods available for its biological assay. 
The standard procedure is that of Collip and Clark (6, 7) and depends upon 
the increase in total serum calcium of normal dogs after subcutaneous in- 
jection of the active principle. Since the response of dogs is variable, 
assays of a single sample must be made on a group of six to ten animals 
before reasonably significant values are obtained. Indeed Bliss and Rose 

* Supported by a grant from the Rockefeller Foundation. 

' The u.s.P. unit is 0.01 of the amount of parathyroid hormone required to raise 
the serum calcium of a 10 to 12 kilo dog 1 mg. per cent within 16 hours after sub- 
cutaneous injection. This is 0.2 of the earlier Collip unit. We have adopted the 
term ‘‘nitrogen potency”’ to indicate the number of v.s.P. units contained in a given 
preparation per mg. of nitrogen. 
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in a statistical analysis of the problem (8) decided that an even greater 
number of animals was required to obtain a standard deviation of less 
than 10 per cent. Animals may not be used more frequently than once 
a week; so that a very simple fractionation of the hormone, from which 
four fractions are obtained, may tie up a group of eight animals for as 
long as a month. 

To overcome this disadvantage various other assay procedures have been 
proposed. Inthe method of Hamilton and Schwartz (9) the serum calcium 
of rabbits is followed after the injection of parathyroid hormone and during 
the repeated oral administration of small quantities of calcium chloride. 
The response of rabbits, however, is too variable to give satisfactory re- 
sults. Dyer studied the use of rabbits (10) and of mice (11), determining 
the increase in calcium excretion in the urine after injection of active 
extracts. Truszkowski and others (12) have recently modified the rat 
urine method, but it can be fairly stated that the fluctuation from day to day in 
the calcium excretion of these animals largely invalidates the procedures. 
The familiar dog serum calcium method is both more accurate and con- 
venient than these alternate methods, and has the additional advantage 
that it has been widely employed in previous studies of the parathyroid 
hormone. 

We have assembled in Table I the data obtained from a series of bioassays 
of two parathyroid preparations, for which twelve different animals were 
used. There appear to be two factors responsible for deviations from the 
average response: (1) the weight of the animal, which causes a decreasing 
response roughly porportional to increasing weight, and (2) the individual 
sensitivity of the animal, which, for instance, is responsible for the poor 
reactions of the dogs weighing 6.8 and 6.9 kilos. Both of these factors may 
be somewhat corrected for by standardizing the dogs and relating the 
response to that from the standard sample, as has been done in the last two 
columns of Table I. 

Rather than report activities in terms of serum calcium increase per mg. 
of hormone per kilo of body weight, as is occasionally done (4, 5), we have 
adopted the simpler procedure of selecting a group of dogs of fairly uniform 
size and of reporting their response directly, irrespective of body weight. 
Successive assays with this group thus have considerable comparative 
significance. 

The response of our assay animals to several different lots of parathyroid 
hormone is shown in Table II. Individual variations in response to a 
single dose may be found by comparison with the average in the last hori- 
zontal line. If we neglect the weight factor, all of the animals being 
roughly of the same size, it is possible to make deductions regarding the 
individual sensitivities of the animals. Dogs 1 to 4 were more consistent 


























TABLE I 
Assays of Two Parathyroid Preparations on Series of Twelve Dogs* 

Serum calcium values, estimated by the method of Clark and Collip (13), were 
determined before and 16 hours after injection. Solution A was an aqueous solution 
of a crude preparation and contained 12.6 mg. of nitrogen per ml.; Solution B con- 
tained 1.9 mg. of nitrogen per ml. of material obtained by ammonium sulfate 
fractionation. 


Response, increase in serum calcium 


per mi. solution Response related to standard sample 


Weight of dog 





Solution A Solution B Solution A Solution B 

ke. mg. per cent mg. per cent units per ml. units per ml. 
6.8 1.10 1.00 180 170 
6.9 1.90 2.00 170 180 
9.2 3.50 2.45 340 240 
9.9 2.55 3.20 260 320 
11.3 2.90 2.45 260 220 
12.3 2.20 2.25 200 200 
13.0 1.50 140 
14.4 1.40 1.50 140 160 
15.8 1.30 1.35 140 140 
16.8 1.20 1.15 220 210 
16.9 1.50 1.20 200 170 
17.9 0.65 1.10 130 220 
Average 1.85 1.75 205 200 


* The authors are indebted to Dr. W. E. Bunney of the Biological Laboratories of 
E. R. Squibb and Sons for these assays. 


TaBLe II 
Characteristic Responses of Seven Dogs Employed in This Study 
The letters correspond to eight different preparations administered in varying 
dosage. Responses are given in terms of U.s.P. units; 7.e., serum calcium rise X 100. 


Preparation 
Dog No. Weight 
A* B c D E F G H 
kg. 
l 13.4 480 280 390 550 400 380 200 490 
2 13.2 490 200 240 480 420 610 350 330 
3 14.8 380 210 190 330 640 590 180 710 
4 13.0 390 260 320 310 520 520 180 690 
5 19.2t 270 170 260 340 420 210 310 
6 16.6 90 70 70 330 320 140 0 460 
7 15.2 200 80 140 180 340 60 180 510 
Average response 
to given dose 330 183 227 360 437 383 186 500 


* 400 units of commercial product (E. R. Squibb and Sons). 
t Dog 5 tended to be edematous. 
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in their response; that of Dogs 5 to 7 was erratic, with a tendency to be 
quite low. Assays performed with these latter dogs must therefore be 
expected to be on the low side. All the assays in this paper are reported 
along with the number of the animal used so that this factor may be taken 
into consideration. Dogs | to 4 were Dalmatians of known background 
and Dogs 5 to 7 were mongrels; all were young males. 

We have frequently used assays, carried out on two or three animals, to 
indicate for our own purposes trends in fractionation procedures, but in 
every case in which nitrogen potencies are reported, these have been ob- 
tained from a sufficient number of assays to be trustworthy. 

Calcium was determined throughout this paper, with the exception of 


the experime nts of Table l, bv the procedure of Fiske and Logan 14). 


The procedure finally adopted, as giving the most satisiactory \ ield, 
consists of three major steps. The first, extraction of the active principle, 
is largely that of Hanson (15) and will not be deseribed in detail. The 
second involves ammonium sulfate fractionation at pH 6.0. The third 
procedure, benzoic acid adsorption, is adapted from that of Moloney and 
Findlay (16) who used it in concentrating insulin. The nitrogen potencies 
after application of the successive steps are 10 to 15, 60 to 100, and 250 
to 325 units per mg. of nitrogen, respectively. 

In addition to this procedure numerous other fractionation methods 


] 


were investigated ; the results of these are briefly reported 


Extraction Acetone-dried and defatted glands are restored to their 
original weight by the addition of water, and are then extracted for 30 
minutes at 100° with 0.5 volume of 3 per cent hydrochloric acid. After 


cooling, inert protein is precipitated at pH 4.0 by the addition of alcohol 


to SO per cent by volume. The active principle S then obtained by 
pret ipitation with ether from the alcoholic solution and dry ing with acetone. 
About 250 gm. of grav powder containing 11 to 13 per cent of nitrogen are 
obtained from 15 pounds of fresh glands. 

Ammonium Sulfate Fractionation A solution ot 50 gm. ol the above 
preparation in 400 ml. of water is adjusted to pH 8.0 with ammonium 
hydroxide and is diluted by the slow addition of an equal volume of 2.5 mM 
ammonium sulfate, with mechanical stirring. Adjustment of the pH 
to 5.9 to 6.0 with 1 M sulfuric acid, with a glass electrode, results in precip- 
itation of the active protein, which is collected by centrifugation. It is 
suspended in 250 ml. of water, and the pH is raised to 8.0 by the addition 
of dilute ammonium hydroxide. In the presence of the small amount of 
ammonium sulfate carried down during the centrifugation the protein will 
not dissolve at any reaction from pH | to 10. Solution may be effected by 
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dialyzing out the salt, but when dialyses are introduced into the fractiona- 
tion procedure, the total yield is considerably less. The suspension, there- 
fore, is brought to a concentration of 1.25 mM ammonium sulfate by the 
addition of a 2.5 mM solution of the salt and the pH is lowered to 5.9 to 6.0. 
The collected precipitate is subjected to a third treatment of this kind. 
The final precipitate is suspended in 150 ml. of distilled water and dialyzed 
in a revolving cellophane bag against running water until very nearly 
sulfate-free. It is dissolved by the addition of dilute hydrochloric acid 
to pH 3.5, forming a clear brown solution. This, in one experiment, con- 
tained 473 mg. of nitrogen and 49,500 units of parathyroid activity, 
corresponding to a nitrogen potency of 105 and a yield of 50 per cent of 
, ne ‘ 


~ 


the original activity. 7 é ‘ 

Adsorption on Benzoie Acid—aA solution fractionated with ammonium 
sulfate as above, containing 0.6 to 1.0 mg. of nitrogen per ml., is adjusted 
to pH 3.5. To this, at room temperature, is added very slowly and with 
efficient stirring one-fourth of its volume of warm 5 per cent sodium ben- 
zoate solution, the pH of which had been adjusted to 5.0. No benzoic 
acid crystallizes from such a solution at 35-40°. During addition of this 
solution the pH of the mixture is maintained at 3.5, at which precipitation 
of benzoic acid does not begin until approximately 75 per cent of the 
benzoate solution has been added. After several hours at 2° or 1 hour in 
an ice bath with continuous stirring, the benzoic acid is removed by 
filtration. ‘The mother liquor is warmed to room temperature and treated 
again with the same quantity of sodium benzoate. Four such adsorptions 
are usually carried out. 

The combined benzoic acid adsorbate, with a little water, is stirred in 
a beaker with several portions of peroxide-free ether until the solid benzoic 
acid has been removed. These ether extracts contain considerable 
amounts of protein material, which may be removed by shaking with a 
little very dilute acid. This extract is combined with the main aqueous 
solution, and the remaining benzoic acid is removed by extraction with 
ether in a separatory funnel. Considerable emulsion formation may 
frequently be encountered at this stage. 

Finally the solution is dialyzed to remove any residual benzoic acid and 
salt. During dialysis, the excess acid is lost and the pH increases to about 
6.0; the hormone is insoluble in this range and precipitates. A clear, 
brownish yellow solution is formed on the addition of hydrochloric acid to 
pH 3.5. This solution may be concentrated in vacuo, or it may be brought 
to dryness in the frozen state without appreciable loss in activity. The 
dry non-hygroscopie material may be kept indefinitely in the cold. 

Typical preparations (Lots 164 and 184, respectively) after drying over 
phosphorus pentoxide at 100° for 2 hours had total nitrogen contents of 
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12.6 and 13.1 per cent (Kjeldahl procedure), and various preparations had 
an amino nitrogen content of 6.5 to 7.0 per cent of the total nitrogen (Van 
Slyke method). In several preparations, negative Molisch tests indicated 
the absence of carbohydrate. The vield may vary rather widely, but it 
is frequently near 40 per cent, based on the total activity of the solution 
first treated with benzoic acid. The nitrogen potencies of several prep- 
arations were as follows (the first figure in parentheses indicates the mg, 
of nitrogen injected): Lot 164, 250 (1.3, Dog 1), 155 (1.3, Dog 2), 310 (1.3, 
Dog 3), 220 (1.3, Dog 4), 280 (2.4, Dog 3), 140 (2.4, Dog 6); Lot 162, 290 
(1.3, Dog 2), 430 (1.6, Dog 3), 300 (1.3, Dog 4), 180 (1.6, Dog 6); Lot 184, 
250 (1.5, Dog 1), 410 (1.5, Dog 2), 400 (1.5, Dog 3), 350 (1.5, Dog 4), 100 


(1.5, Dog 6) units per mg. of nitrogen. 
Other Fractionation Procedures Investigated 


Isoelectric Precipitation—It has been recalled that Collip and Clark (1) 
obtained their most active preparation by a series of precipitations at pH 
4.8. The material encountered in this research has been soluble near this 
acidity, but some purification was accomplished by repeated precipitation 
at pH 6.0. The products obtained after a series of five to ten such frae- 
tionations had a nitrogen potency of 60 to 150 units and represented 
approximately 20 per cent of the original activity. More satisfactory 
results were not obtained from precipitations at pH 7.5 or 8.5. 

Charcoal Adsorption—Adopting the procedure applied by Moloney and 
Findlay (17) to the purification of insulin, we treated a solution contain- 
ing 40.3 mg. of parathyroid hormone nitrogen of potency 100 with 4 gm. 
of Dareo. The non-adsorbed fraction (10.4 mg. of N) was inactive, as 
was that eluted by 12 per cent benzoic acid in 60 per cent ethanol 
(13.9 mg. of N). A total of 3.4 mg. of inactive nitrogen was further 
separated by successive extraction with dilute KOH of pH 9.5, 5 per cent 
acetic acid, and an aqueous alcoholic solution of phthalic acid. The failure 
to elute the active material led to the use of benzoic acid as adsorbent, 
from which separation was possible by solution. 

Electrophoresis—Electrophoresis at 5000 volts in a series of six cells 
separated by sintered glass discs (18) resulted in precipitation and im- 
mobilization of the protein as soon as the pH reached the range of 6 to 10. 
This, of course, invalidated any attempt at fractionation or determination 
of the true isoelectric point. 

Electrodialysis—The activity of a hormone solution maintained at pH 
1.0 and electrodialyzed at a potential of 120 volts in the center cell of a 
three compartment unit separated by cellophane membranes did not 
undergo any appreciable alteration. It is therefore unlikely that the hor- 
mone molecule contains any loosely bound polar group of low molecular 
weight which is required for physiological activity. 
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Acetone and Acetone-Picric Acid Fractionations—Three otherwise identi- 
cal parathyroid hormone solutions at pH 2.5, 3.0, and 3.5, respectively, 
were treated with acetone in varying concentrations. In no case was 
the difference in nitrogen potency between the insoluble and soluble 
fractions sufficient to hold promise as a preparative procedure. Frac- 
tionation with acetone and picric acid (19) was likewise unsuccessful. 

Trichloroacetic Acid Precipitation—Concentrations of trichloroacetic 
acid greater than 1 per cent precipitate active material from partially 
purified parathyroid extracts; below 1 per cent the hormone tends to re- 
main in solution. There was insufficient difference between nitrogen 
potencies of the various fractions to warrant further study. 


DISCUSSION 

The opinion has been generally held for 10 years or more (7) that the 
active principle of the parathyroid gland is either of protein nature or is 
closely associated with a protein carrier. This is amply supported by the 
inactivation of the hormone by both acidic and basic hydrolysis (20), and 
by digestion with proteolytic enzymes (1). Alteration of the functional 
groups of the protein molecule, such as esterification of the carboxyls (2, 
3), also results in inactivation. Activity has always been found to be 
associated with the protein fractions of glandular extracts; the active 
material is precipitated by protein reagents and is salted-out of solution 
under appropriate conditions. Characteristic of the substance is its 
stability, like that of insulin, to treatment with mineral acid (20) and to 
rather drastic heating in phenol (2), and also its solubility in aqueous al- 
cohol (1). 

Our preparations are undoubtedly of protein nature. This is supported 
by their general properties, which correspond to those outlined above, and 
by several additional observations which we have made. The ultraviolet 
absorption spectrum, for example, is nearly identical with those of numer- 
ous other simple proteins reported in the literature (21, 22). It is shown 
in Fig. 1. There is the typical absorption of the aromatic amino acids, 
tyrosine, tryptophane, and phenylalanine, but no evidence for the presence 
of any other absorbing group. The single band has a maximum at 274 
mu and an extinction coefficient £2 = 10.7. These may be compared 
with values for egg albumin of 279 mu and £ 7.1, for horse serum albumin 
of 277 mu and E 7.1, for a horse serum pseudoglobulin of 279 my and EF 
14.7, respectively.? 

The active principle has also been found to be very sensitive to the action 
of pepsin. We investigated the possibilities of using this enzyme to effect 
purification by digestion of accompanying protein impurities, as it has 
been employed by others in the case of diphtheria antitoxin (Parfentjev 


? We are indebted to Dr. R. N. Jones for these figures. 
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(23), Hansen (24), et al.). Experiments were carried out at pH 4.1 and 
3.6 with relatively little crystalline enzvme, the substrate to enzyme nitro- 
gen ratios being 25 and 100, respectively. In every trial, complete inae- 
tivation resulted, indicating that the active principle is itself very readily 
attacked by pepsin. 

There is thus no evidence for the presence of an active group of low 
molecular weight. The electrodialvses described in the experimental 
section failed to separate a smali polar group from the active material, 
The ultraviolet absorption spectrum gives no evidence for chromophorie 
prosthetic groups, and the pepsin digestions indicate an intimate relation 


between activity and the intact protein molecule. 
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Fic. 1. The ultraviolet absorption spectrum of a parathyroid hormone preparation 

having a nitrogen potency of 300. The extinction coefficient, L, is calculated for a 


1 per cent solution of protein in a cell 1 cm. long. 


All active preparations yet available have unquestionably contained 
considerable amounts of inert proteins. The so called isoelectric points, 
variously reported, indicate this. Collip’s best preparation precipitated 
sharply at pH 4.8, being soluble in either more alkaline or more acidic 
solutions (1). Tweedy and Torigoe (3) referred to the iscelectrie point of 
their material as being at pH 5.8. <A preparation deseribed by Allardyce 
25) precipitated at pH 4.8 when this value was approached from the acid 
side, or at pH 6.8 when approached from the alkaline side. Our own 
preparations are soluble in acid solutions up to pH 4.5 or 5.0, then become 
insoluble on gradual addition of alkali, and remain so until quite high pH 
values are approached, frequently as high as 10.5 or 11.0. Alkaline sus- 
pensions do not dissolve until the pH falls below 5.0. This broad region 
of insolubility has invalidated any attempt to separate the components 
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of the extract by electrophoresis and also makes it impossible to study the 
electrophoretic pattern. It would appear unlikely that there is more than 
one protein with the property of raising serum calcium, usually attributed 
to the active principle of the glands; we should therefore be inclined to the 
belief that the different physical properties of the various preparations are 
due to variable amounts of protein impurities associated with the active 
principle. 

The ultracentrifugal examination of our most active preparations sup- 
ports this interpretation. One of these preparations, with a nitrogen 
potency of 300 units per mg. of nitrogen, was found to consist of 35 per 
cent of a protein with sedimentation constant equal to 17S and 65 per cent 
of another protein with a value of 1.68. In the absence of diffusion 
constants it is impossible to calculate exact molecular weights for these 
two components, but the first should have a molecular weight of from 
500,000 to 1,000,000 and the second should fall in the group of proteins 
with molecular weights of 15,000 to 25,000. 

In a large scale preparative run with the ultracentrifuge, over 50 per 
cent of the activity remained in the mother liquor after the complete 
sedimentation of the heavier component, which appeared as a jell in the 
bottom of the tubes. This would indicate that the activity may be asso- 
ciated with the component of lower molecular weight. The fact that 
a slight loss is always encountered when active preparations are dialyzed 


against running water also agrees with this interpretation. 


The authors wish to express their gratitude to the Wolcott Gibbs Com- 
mittee of the National Academy of Sciences for a grant, and to Dr. George 
A. Harrop and E. R. Squibb and Sons for their liberal cooperation in 
preparing the original glandular extracts. They are indebted to Dr. R. 
Norman Jones of the Chemical Laboratory, Harvard University, for the 
ultraviolet absorption photography and to Dr. J. L. Oncley of the Harvard 
Medical School for the ultracentrifugal study of the products. To Dr. 
A. Baird Hastings, for his stimulating interest and encouragement, they 


are especially grateful. 
SUMMARY 


1. A method is described for the preparation of parathyroid extracts 
of approximately 3 times the activity of any hitherto reported. 

2. Present concepts regarding the protein nature of the active principle 
are reinforced by a study of its pepsin digestion under suboptimal condi- 
tions, by its ultraviolet absorption spectrum, and by its stability to electro- 
dialysis. 

3. Ultracentrifugal study of the preparation shows it to be heterogene- 
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ous, consisting of at least two components, one of molecular weight of 
roughly 20,000 and another of 500,000 to 1,000,000. 


4. There is some reason to believe that the activity may be associated 


with the low molecular material. 
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Biological Chemistry, Harvard Medical School, Boston) 


(Received for publication, July 15, 1942) 


In addition to the numerous reactions of the parathyroid hormone which 
are typical of proteins, it undergoes several others which indicate a relation 
between its activity and the presence of free amino (or imino) groups within 
the molecule. It was observed by Tweedy and Torigoe (1) that its 
activity was completely destroyed by treatment with formaldehyde, and 
that the resultant product could be reactivated to the extent of about 25 
to 50 per cent by boiling with very dilute hydrochloric acid. The hormone 
was also completely inactivated by aqueous nitrous acid, a result which 
might be attributed to reaction with the amino groups. In a further study 
of this (2) it was found that deamination to the extent of 35 per cent re- 
sulted in complete inactivation. This sensitivity to nitrous acid led to 
the conclusion that some reaction other than deamination was playing a 
réle, a belief which was supported by the ease with which the hormone was 
inactivated by oxidation with hydrogen peroxide. The effect of nitrous 
acid might therefore be attributed to deamination, oxidation, or simple 
substitution, resulting in the formation of nitroso derivatives. 
| The use of ketene, which reacts with free amino groups and the phenolic 
hydroxyls of tyrosine, offers an admirable means of determining the de- 
| pendence of the hormone on these respective groupings. Hydrolysis of 
| the O-acetyl residues after complete saturation of the protein with ketene 
'should provide a molecule in which the only alteration would involve 
jacetylation of the free amino groups. The reaction with ketene has ac- 
cordingly been investigated in much the same manner as that employed 
_ by other authors (3-5). 





EXPERIMENTAL 


The acetylation of the parathyroid hormone was carried out in the 
apparatus utilized by Ross and Christensen for treating proteins with 
‘arbon suboxide (6). The preparation actually employed was obtained 
according to the procedure described in the preceding communication (7) 
and had a nitrogen potency of approximately 180 units. Twice distilled 
ketene, in 5 times the quantity equivalent to the total reacting gronps 


* Supported by a grant from the Rockefeller Foundation. 
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(7.e. the sum of the amino and phenolic hydroxyls) was added over 
. io saed , " > , . ‘ a. a 
period of 45 minutes at 0° to a fine suspension of this product containing | 


TABLE [| 
Liberation of O-Acetyl Groups in Acetylated Parathyroid Hormone by Hydrolysis at } 
pH 10.0 and 37 ) 
Time Hydrolysis of O-acetyl groups 
hrs per cen 
Ro 0 
0.75 38 
1.75 71 
4.5 100 
8.5 97 
44.5 101 
TABLE II 
Analytical and Assay Data of Acetylation Experiments 
Fraction of Fraction of 
Experi- — total amino —s. Nitrogen potency,* 
ment i . groups Py meme S.P. units per mg. N 
covered envaned 
per cent per cent 
A Original protein 0 0 160 (2.2, Dog 3 
a (2.2, * ! 
| Acetylated (5 equivalents $2 10 2 (4.8, * 3) 
ketene) 4.6. * § ’ 
Acetylated and hydrolyzed 15 4 Pie, ~*~ 7 
1 (5.6 “— 
9 (5.6 1 
15 (5.6, 6 
Control for hydrolysis 0 0 > 150 2.7, Dog 2 
>140 (<2.7, “ 4 
B_ | Original protein 0 0 200 (1.5, Dog 1 ; 
moe t.e. ~*~ FZ 
220 (1.5 7) 
Acetylated (3 equivalents 39 19 24.6, ™ I) 
| ketene) 1 (4.5 3 
7 (4.5 _— 
1 (4.5 2 6 


* The nitrogen content of the injected dose is indicated in mg. by the first figure in 


parentheses. 


81 mg. of protein nitrogen in 35 ml. of 0.03 M phosphate buffer of pH 6.0. 
The pH was maintained constant during the acetylation by the addition 
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of 0.1 N sodium hydroxide. After the reaction was complete, the product 
was dialyzed against running water for 4 hours to remove much of the 
inorganic matter present, and finally made to 100 cc., after the pH was 
adjusted to 4.0, which effected almost complete solution. This solution 
was analyzed for total nitrogen and for amino nitrogen by the Van Slyke 
manometric procedure. The semicolloidal nature of the suspensions 
encountered here, and later, presented no problem in sampling for analysis. 
The determination of free and acetylated phenolic hydroxyls by the 
methods of Herriott (8) at pH 8 and 11 gave the per cent of phenolic 
hydroxyls covered. The protein was kept in solution during the color 
development by the addition of urea to give a final concentration of 4 M 

t).!. This solution was also assayed for its biological] activity (7). 

The hydrolysis of O-acetyl linkages within this product was accom- 
plished by digestion for 4.5 hours at 37° in 0.1 M borate buffer of pH 10.0 
see Table I). The bulk of the product dissolved upon acidification to 
pH 4.0, and the resulting cloudy solution was dialyzed overnight against 
running water. A complete analysis was carried out as outlined for the 
acetyl] hormone before hydrolysis. 

A sample of the original unacetylated hormone was also subjected to the 
same conditions, pH 10.0 and 37°, for 4.25 hours. This was dialyzed and 
assaved., 

The data obtained from these experiments are assembled in Table IT. 


DISCUSSION 


Acetylation with ketene results in complete inactivation of the para- 
thyroid hormone. In the light of present knowledge this must be attrib- 
uted to alteration of either the free amino groups or the phenolic hydroxyls, 
or both. It is not felt that the exposure to bodily conditions of pH and 
temperature during the assay period is sufficiently long to cause an ap- 
preciable hydrolysis of O-acetyl linkages. It has been demonstrated that 
acetic acid bound to phenolic hydroxyls is slowly liberated at pH 7 and 37° 
9).! Since, however, hydrolysis of oxygen-bound acetyl residues, by 
which the phenolic groups are restored to the molecule, does not effect 
reactivation, it must be concluded that the amino groups are an essential 
part of the biologically active molecule. No statement can be made on 
the basis of our data regarding the dispensability of the phenolic hydroxyls. 

' The colorigenic value of the unacetylated hormone is 10 to 15 per cent higher 
than that obtained when the pH 11 method is applied to the acetylated material. 
Since presumably all of the O-acetyl groups in the latter are liberated under the 
conditions of the pH 11 method, additional colorigenic groups of unknown nature 
have been acetylated and such acety! linkages are relatively stable at high pH values. 
No information may be gained from the present data regarding the nature of these 
groups. 
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The parathyroid hormone is therefore like diphtheria toxin (10), certain 
of the pituitary hormones (11, 12), and the gonadotropic hormone of preg. 
nant mare serum (11) in its dependence upon unaltered amino groups, and 
differs from pepsin (3), insulin (4), and human chorionic gonadotropin 
(11), which are active regardless of the presence of these groups. 


SUMMARY 
1. Acetylation of the parathyroid hormone with ketene is accompanied 
by complete biological inactivation. 
2. Since liberation of the phenolic hydroxyls by alkaline hydrolysis does 
not restore activity, it is concluded that the hormone is dependent upon 


the presence of free amino groups. 
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CARBON SUBOXIDE AND PROTEINS 
VII. MALONYL PEPSIN* 


By ANN H. TRACY anp WILLIAM F. ROSS 
(From the Chemical Laboratory of Radcliffe College, Cambridge) 


(Received for publication, August 14, 1942) 


For the earlier work on this subject the reader is referred to previous 
papers (1, 2). The immediate project involves a study of the effect which 
malonylation has upon the activity and specificity of a typical proteolytic 
enzyme such as pepsin. Pepsin was chosen because of its availability and 
the elegant study of its acetylation with ketene, carried out by Herriott and 
Northrop (3). These authors observed that the activity of pepsin was as- 
sociated with the presence of free phenolic hydroxyls, since complete acety- 
lation of both amino and phenolic groups inactivated the enzyme, while 
subsequent liberation of the phenolic hydroxyls by gentle hydrolysis re- 
stored the activity. Philpot and Small (4) by the use of nitrous acid also 
produced evidence to show that unaltered tyrosine residues were essential. 
The use of the carbon suboxide instead of ketene in this reaction presents the 
additional factor that a polar carboxyl group, rather than a neutral ali- 
phatic side chain, is introduced into the protein molecule. 


EXPERIMENTAL 


Crystalline pepsin, prepared from 1:10,000 Cudahy spongy pepsin by a 
slightly modified Northrop procedure (5), was treated with carbon suboxide 
in the usual manner (6). To solutions at pH 5.2 to 5.4 in 0.04 m sodium 
acetate buffer were added varying amounts of the reagent, as shown in 
Table I. The products were precipitated twice at pH 3.0 with half satu- 
rated magnesium sulfate and were washed with 0.002 n hydrochloric acid. 
The recovery of protein from such runs varied from 85 per cent in Prepara- 
tion CP-2a to 46 per cent in Preparation CP-2c. 

The procedure of following the reaction by determination of residual 
amino nitrogen by the Van Slyke method was found to give unsatisfactory 
results with pepsin, being complicated by the self-hydrolysis of the enzyme 
to liberate fragments of low molecular weight. Precipitation of the products 
with hot 5 per cent trichloroacetic acid followed by washing with the same so- 
lution, cool, was not effective in removing completely the non-protein nitrogen, 
nor was it possible to work ona sufficiently large scale to purify the products by 
crystallization. A satisfactory index of the extent of reaction was obtained 
by the use of Herriott’s method for the determination of free and bound 

* Supported by a grant from the Rockefeller Foundation. 
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phenolic hydroxyls (7), but this, too, was somewhat confused by the pres- 
ence of products of hydrolysis. It will be recalled that these chromogenic 
groups when bound in proteins give only 60 per cent of the color of the free 
amino acids; so that the color value of products containing variable amounts 
of non-protein N may be difficult to interpret. Of considerable value in 
estimating the extent of reaction with varying amounts of carbon suboxide 


has been the curve previously obtained for serum albumin (2 


TABLE | 


Valonyl Pepsin Preparations 





arse 7 >} nol Re i 
Preparation* C302 added - ben ~ pie §: DH il phe 
P.u mg. P.N : ycroxyis 
equivalen per cent per cent 
CP-1 15 0.040 85 0.37 60 
CP-2a ua 0.13 54 0.70 24 
2b 1.3 0.030 89 0.42 55 
2c 8.3 0.014 95 0.23 75 
Control, CP-2. 0 0.28 0 0.92 0 
CP-3 1.0 0.08 69 0.55 1) 


*CP is an abbreviation used to denote ‘‘carbon suboxide treated pepsin” or 


‘malonyl pepsin.”’ 


TABLE II 
Reactivation of Valonyl Pepsin, Pre paration CP-3, at pH 4.0 


Conditions of hydrolysis 








se rp» Hb Fraction of original 
Activity [P.u ae PN activity 

Time Temperature 
days 5 of per cen 

0.5 2 0.080 21 
\7 2 0.086 33 

13 25 0.12 15 , 
22 25 0.13 50 | 
36 25 0.15 5S 


Hydrolysis of the labile O-malonyl group was effected by dissolving 94 | 





mg. of the derived protein in 8 ml. of 0.15 M acetate buffer of pH 4.0 and al- 


at refrigerator and then at room tem- 


Table II. 


frequently employed as a reagent for this purpose, was eliminated by the 


lowing the solution to stand, first 
perature. The results are shown in Cold 1.25 n sulfuric acid, 
insolubility of our products in it. 

The activity of both the starting material and products was determined 


by the hemoglobin method of Anson (8 and referred to the total protein 
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nitrogen, the non-protein N having been found by precipitation of the 
protein from an aliquot by boiling 5 per cent trichloroacetic acid and by 
Kjeldahl assay of the filtrate. In this way, our native crystalline pepsin 
consistently had an activity equal to 0.26. Similar assays of treated prod- 
ucts are shown in Tables I and IT. 

In addition, hydrolyses of casein and of the synthetic substrate carbo- 
benzoxy-l-glutamyl-/-tyrosine (9) were carried out. The digest of the 
former contained 30 mg. of casein and 1.0 mg. of enzyme nitrogen per ml. at 
pH 2.0, and the hydrolysis was followed by the semimicro volumetric 
Van Slyke procedure. It appears that in earlier enzymic studies with car- 
bobenzoxyglutamyltyrosine as substrate suspensions were employed (9). 
It has been found that a perfectly clear solution of pH 4.0 may be obtained 
by dissolving 40.0 mg. of the peptide in 1.25 ml. of 0.15 m sodium acetate at 
40° and diluting with an equal volume of 0.18 Mm acetic acid. Such solu- 
tions were used for our studies. Addition of 0.5 ml. of native pepsin solu- 
tion containing 3.0 mg. of protein nitrogen at pH 4.0 resulted in 47 per cent 
hydrolysis of the substrate after 24 hours, as determined in the Van Slyke 
manometric apparatus. 

All digestions were carried out at 40°. Controls were maintained for 
self-hydrolysis both of enzyme and of substrates. Digests and controls 
were made up and analyzed in duplicate for the studies with the synthetic 


substrate. 


DISCUSSION 

The results of the experiments summarized in Table I show quite clearly 
that malonylation inactivates pepsin. There is a 50 per cent loss in activity 
when one-fourth of the phenolic hydroxyls has reacted and almost complete 
inactivation when three-fourths has disappeared. Somewhat higher per- 
centages of the free amino groups may be expected to have reacted at these 
stages. Gentle hydrolysis of the O-malony] linkage, as shown in Table IT, 
results in a proportionate return of enzymic activity, indicating the in- 
timate association between the phenolic hydroxyls and activity. This be- 
havior is in every way like that of acetyl pepsin (7). 

It should be recalled that the O-malonyl linkage is labile in solution at 
10° even at nearly neutral pH values (2); so that the method of enzymic as- 
say must not involve too long exposure to such conditions if conclusions 
regarding the rdle of tyrosine are to be drawn. The 10 minute digest 
period of the hemoglobin method is not sufficient to have any effect. 

Our main objective has been evidence regarding the influence which 
malonylation may have upon the specificity rather than the over-all ac- 
tivity of the enzyme. One line of approach involves the determination of 
the relative activities of malonyl and native pepsin with several different 
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substrates. If the specificity of the enzyme were changed by malonylation 
so that its affinity for one particular kind of group were either greatly en- 
hanced or diminished, then the ratio of activities for the two enzymes would 
be expected to vary in going from one substrate to another in which dif- 
ferent amounts of the appropriate amino acid residues were present. Ide- 
ally, such a concept should be tested with an unlimited number of various 
synthetic polypeptides. Practically, we have had to restrict the study to 
one polypeptide, carbobenzoxyglutamyltyrosine, which appears to be the 
best available synthetic substrate for pepsin (9), and to two proteins, 
casein and serum albumin, chosen on account of their unlike amino acid 
contents. Unfortunately, the polypeptide mentioned above is not a very 
satisfactory substrate, as it is relatively insoluble, gives a precipitate of 
tyrosine on hydrolysis, and is split by pepsin to the extent of only 50 per 
cent after 24 hours. However, it does offer one means of testing the theory 
in question. If the activity of pepsin towards this substrate were found to 
be considerably decreased by malonylation, and that towards one of the 
proteins were the same or greater afterwards, an alteration of the speci- 
ficity would be indicated. 

Towards this end the experiments of Table III were performed. There is 
excellent agreement between the ratios of the activities of native and 
malonyl pepsins when tested with the three substrates. After 20 hours at 
pH 4.0 and 40° the number of malonic acid residues bound to tyrosine 
would not be significant (less than 10 per cent of the total tyrosine); so that 
any effect would have to be attributed to lysine-bound malony! groups. _ It 
may be concluded, therefore, that, not only are the polar e-amino groups of 
lysine unessential for enzymic activity, but also a complete reversal of the 
charge in these positions has no effect on the specificity of the enzyme. 

The availability of various malonyl preparations suggested the study of 
the digestion of native and malonyl horse serum albumins by native and 
malonyl pepsins. The results of such experiments are given in Table IV. 
There is no apparent specific difference in the behavior of native and 
malonyl pepsins with the two proteins, but there is a decided difference as 
regards the substrates. The final hydrolysis is about 20 per cent greater 
with malonyl serum albumin as substrate than with the native protein, re- 
gardless of the enzyme involved. In other words, approximately 40 
additional linkages within the molecule have been made subject to the ae- 
tion of pepsin by the carbon suboxide treatment. Of the lvsine in this 
preparation 90 per cent has been coupled with malonic acid residues; there- 
fore if a figure of 55 is taken for the total number of lysine residues (2), 
there are approximately 50 new polar groups of negative charge within the 
molecule. Oxygen-bound malonic acid need not, of course, be considered. 
This figure is sufficiently near the number of new linkgages split to indicate 


a relationship between the two. 
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Tasie III 

Digestions of Various Substrates by N-Malonyl Pepsin 

Enzyme Preparation CP-3 was employed throughout. Experiments with syn- 
thetic substrate and casein were begun 12 hours after preparation of the enzyme; 
those with serum albumin, 3 weeks later, the enzyme cake having been kept under 
saturated magnesium sulfate in the ice box meanwhile. The serum albumin digest 
solutions contained 3.2 mg. of substrate N per ml. and 0.32 mg. of enzyme N per ml. 
in 0.05 M citrate buffer at pH 2.0. Other details are given in the experimental section. 





Hydrolysis 
Substrate Enzyme pH . 
20 hrs. 142 hrs. 
per cent per cent 
Carbobenzoxy-l N-Malony]! pepsin 4.0 36 52 
glutamyl-l-tyrosine Native pepsin 4.0 45 60 
Ratio 0.80 0.87 
NH:-N per ml. 
me. Me 
Casein (Hammarsten) N-Malonyl] pepsin 2.0 0.40 0.52 
Native pepsin 2.0 0.48 0.57 
Ratio 0.83 0.91 
Horse serum albumin N-Malonyl pepsin 2.0 0.150 
(10) Native pepsin 2.0 0.185 
Ratio 0.81 
TABLE IV 


Digestion of Native and Malonyl Horse Serum Albumins by Native and Malonyl Pepsins 

The results are expressed as the increase in the ratio of amino to total nitrogen. 
Conditions in all experiments were such that the ratio of substrate to enzyme nitrogen 
was 10. In the experiments with native pepsin the substrate concentration was 
2.5 mg. of N per ml. and in those with malonyl! pepsin, 3.2. Solutions were 0.05 m 
in citrate buffer of pH 2.0. 


Native serum albumin Malonyl] serum albumin 
Time — 
Native pein | YeMslne gene | Native pepsin | Salona pen 

days 

0.8 0.150 0.157 

2.0 0.175 0.186 0.170 0.202 

6* 0.194 0.204 0.214 0.242 

7 0.195 0.204 0.232 0.243 

1] 0.207 0.214 0.252 0.261 

18 0.222 0.205 0.266 0.264 

25 0). 224 0.272 


* Fresh enzyme was added immediately after these determinations. 


The specificity of pepsin towards synthetic substrates (9) is such as to 
support this idea. Pepsin splits the peptide derivative, carbobenzoxy-l- 
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glutamyl-l-tyrosine more readily than any other substrate, any alteration in 
either of the two carboxyls or the phenolic hydroxy! depressing considerably 
the rate of hydrolysis. In accordance with this, carbobenzoxyglutamyl- 





tyrosinamide is attacked very sluggishly. But, and this is of considerable 
value to the present discussion, if the tyrosyl carboxy] is bound to glycine 
instead of ammonia, giving carbobenzoxyglutamyltyrosylglycine, the new 
carboxyl contributed by glycine, although considerably removed from the 
peptide linkage which is hydrolyzed, restores the original rate of digestion, 
Thus the presence of a carboxyl group near but not directly associated with 
a peptide linkage which is almost labile to pepsin may suffice to effect its 
ready hydrolysis. It may be in this way that malonylation increases the 


peptic hydrolysis of serum albumin. 


SUMMARY 


1. Malonylation of the free amino and phenolic hydroxyls of pepsin in- ( 
activates the enzyme. Q 
2. Gentle hydrolysis, by which the tyrosyl-bound maloniec acid is liber- P 
ated, results in partial reactivation. d 
3. The specificity of pepsin is not altered by the presence of carboxyl | ¢ 
groups in positions normally occupied by the basic lysyl residues in pepsin. | 1 
These residues are therefore both unessential for activity and without in- n 
fluence on the specificity of the enzyme. 
1. Malonylation of serum albumin increases the number of peptide link- I 
ages subject to the action of pepsin. | n 
Si 
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RADIOACTIVE SULFUR STUDIEST 
I. SYNTHESIS OF METHIONINE*.{ II. CONVERSION OF METHIONINE 
SULFUR TO TAURINE SULFUR IN DOGS AND RATS. III. DISTRIBU- 
TION OF SULFUR* IN THE PROTEINS OF ANIMALS FED SULFUR* OR 
METHIONINE*. IV. EXPERIMENTS IN VITRO WITH SULFUR* AND 
HYDROGEN SULFIDE* 
By HAROLD TARVER anp CARL L. A. SCHMIDT 


(From the Division of Biochemistry, University of California Medical School, Berkeley) 
(Received for publication, June 18, 1942) 


I. Synthesis of Methionine* 


Methionine* has been synthesized (1) by a modification of the method 
described by Patterson and du Vigneaud (2). The yield was rather low 
and the method is impracticable when small amounts of the compound 
are needed at intervals. It has been found that a modification of the Hill 
and Robson (3) method is more suitable. The synthesis of a-benzamido-y- 
chlorobutyrie acid ethyl ester is carried out as described by these authors. 
Then the only essential modification is the replacement of the methyl- 
mercaptan used by Hill and Robson with benzylmercaptan. 

Method—Benzylmercaptan*! was prepared as previously described (1). 
In one experiment 0.53 gm. (4.3 mo) of the mercaptan* was dissolved in 1 
ml. of absolute methyl alcohol containing 0.15 gm. (6.5 mM) of dissolved 
sodium. After the temperature of the mercaptide solution was raised to 
its boiling point, 1.4 gm. (5.2 mm) of ethyl a-benzamido-y-chlorobutyrate? 
were added. The mixture was maintained at the boiling point for 10 
minutes to insure completion of the reaction. To the mixture 60 ml. of 
0.25 Nn NaOH were added, and hydrolysis was completed by boiling for 15 
minutes. The a-benzamido-y-benzylthiolbutyriec acid* was not isolated 
but the hydrolysis was continued by refluxing with 80 ml. of constant boil- 
ing point HC! for 5 hours in order to obtain the free S-benzylhomocysteine*. 
Benzoic acid was filtered from the cold solution and washed with ice water. 
After the free HC! was distilled off, the solution was adjusted to pH 5.5 to 
6.5, whereupon the S-benzylhomocysteine* precipitated. It was filtered 
off, washed with ice water, 95 per cent alcohol, and ether. The yield of 

t Aided by grants from the Rockefeller Foundation and Eli Lilly and Company. 

t The asterisk indicates that the substance contains traces of S*. 

' Most of the sulfur used in these experiments was prepared by neutron bombard- 
ment of CCl, (4). The S* was isolated as BaSO,*. The BaSO,* was converted to 


BaS* by reduction with hydrogen at 1000° instead of 900° (5). 
? The melting point of this compound was found to be 62-64° instead of 45° as given 


by Hill and Robson (3). 
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the dried S-benzylhomocysteine* was 0.718 gm. or 75 per cent of the the- 
oretical on the basis of the benzylmercaptan* used. Without further 
purification it showed exactly the same behavior in the melting point tube 
as did recrystallized S-benzylhomocysteine synthesized by the Patterson 
and du Vigneaud (2) method. Both substances browned at 208° and 
decomposed at 235-239° (corrected). According to du Vigneaud and 
Patterson (6) the decomposition point of d/-S-benzylhomocysteine is 240 
245° (corrected). 

The next steps of the procedure are the same as those previously given 
(1) except that it was found more convenient to methylate the homocysteine 
by using a solution of methyl iodide in dry ether. The residues from the 


synthesis may be used to recover sulfur*. 


II. Conversion of Methionine Sulfur to Taurine Sulfur in Dogs and Rats 

In a series of papers, Virtue and Doster-Virtue (7, §) have shown that 
when cystine, cysteine, cystine disulfoxide, cysteinesulfinie acid, cysteic 
acid, methionine, methionine sulfoxide, and homocysteine were fed to bile 
fistula dogs given cholic acid in excess to deplete the taurine and possibly 
taurine precursors and to provide an ample supply for later conjugation 
(9) the aleohol-soluble fraction of bile is increased. This is presumptive 
evidence that the sulfur of these compounds was converted to taurine 
sulfur. When homocystine was fed, the results were uncertain and, when 
cystamine was fed, no increase in the alecohol-soluble sulfur-containing 
fraction of bile was observed. Virtue and Doster-Virtue (8) state, “No 
proof is yet available that methionine is actually changed to taurine.’ 

The present experiments were undertaken to show whether or not 
methionine sulfur can be converted to taurine sulfur by the dog and rat. 
Previous studies (10, 1) have proved that methionine sulfur can be con- 
verted to cystine sulfur by the rat. On the basis of extra oxygen consump- 
tion it has been concluded (11) that tissue slices and crude enzyme prepara- 
tions can oxidize cysteine to cysteic acid. 

Experiments with Bile Fistula Dogs 

Dog 1 (Orientation Experiment)—Beginning 2 days after the operation 
and each day thereafter, 2.4 gm. of cholic acid were administered to the 
dog. 10 mg. of methionine* were fed on the 6th day and the bile was 
collected daily for 4 days. Protein was precipitated from the bile with 
alcohol. The residues from aliquots of these alcoholic solutions were 
digested with the Pirie reagent (12). The sulfate content of the dissolved 
residue was determined by precipitating benzidine sulfate and titrating 
with standard alkali, with phenol red as indicator (13). After the titration 
most of the benzidine was filtered from the cold solution, the filter was 
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washed with water, and sufficient extra H,SO, (carrier sulfate) was added 
to give a total of 1 milliequivalent of sulfate. All the sulfate was precipi- 
tated from the solution as BaSO,. Samples* for the determination of 
radioactivity were prepared (1). The radioactivity was determined by 
use Of a screen-walled counter tube (14) and Geiger-Miiller counter.‘ 
Unless otherwise stated, all other products were similarly treated in order 
to determine both the sulfur content and the radioactivity. 

Taurine was isolated from the alcohol-soluble fraction corresponding to 
143 ml. of the Ist day’s bile by the following method. The residue from 
the alcoholic solution was hydrolyzed by heating on the steam bath for 8 
hours with 50 ml. of 2.5 nN NaOH. The solution was taken down to dry- 
ness, any residual 95 per cent alcohol-soluble material was extracted, and 
the taurine was removed from the salt residue by extracting three times 
with 5 ml. portions of 12N HCl. The HCl was evaporated and the taurine- 
containing residue was taken up in a few ml. of water. The product c ys- 
tallized from the filtered solution during the addition of 4 volumes of 95 
per cent alcohol. It was recrystallized three times from water-alcohol. 
The pure white product had the same crystalline form as a known speci- 
men of taurine crystallized in a similar manner (15). Samples for counting 
(determination of radioactivity) were prepared from the taurine. The 
residues and mother liquors from the taurine isolation were similarly 
digested and converted into a sample. The radioactivities of the samples 
are given in Table I. 

Dog 2--The treatment of Dog 2 was similar to that of Dog 1 except where 
it is otherwise indicated. 1 gm. of cholic acid, first given 2 days after the 
operation, was administered morning and evening until the 7th day. On 
this day the dog (weight 14.3 kilos) was given 53.1 mg. of methionine* 
and 1.5 gm. of cholic acid by stomach tube. An additional gm. of cholic 
acid was fed 6 hours later. Two 12 hour collections of bile were made dur- 
ing the ensuing period. The animal was then sacrificed. Taurine was 
isolated from the first and second 12 hour specimens of bile treated sepa- 
rately by an elaborated version of that used in the preceding experiment. 
The crude taurine preparations were crystallized once from water-alcohol. 
Small residues obtained when these products were dissolved in 12 n HCl 
were discarded, the HCl was evaporated, and the taurine recrystallized 
as before. Two recrystallizations were then made from water and one from 
water-alcohol. The final products had the same crystalline form as the 
previous specimen. A known specimen of taurine similarly recrystallized 


* The term sample is used to designate the BaSO,* used for the estimation of the 
radioactivity. 

‘The Geiger-Miiller counter was of the type manufactured by the Cyclotron 
Specialties Company, Moraga, California. 
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decomposed at 328° (corrected) and the isolated taurine specimens at 329° 
(corrected). White and Fishman (16) give a decomposition point of 328° 
+ 1° (corrected). 


TABLE I 


I 


Radioactivities of Constituents in Bile of Bile Fistula Dogs Fed Methionine* 


Per cent 


Ne Bile constituent be t vity fos. ty replace 
ment} 
—— oo 

1§ Aleohol-soluble fraction of bile, Ist day 174 + 27 
¥ o 2nd ‘ 1l0o9+ 15 164+ 22 0.029 
ith 1I34+16 124415 0.022 
Faurine (bile, Ist day lll+15 207 + 28 0.036 
Residues ( “‘ Ist ‘“ 87 +14 175 + 28 0.031 
2 8-Naphthalenesulfotaurine (bile, Ist 12 hrs.)© 290 + 32 450 + 50 0.21 
= > i. 304 + 20 482 + 30 0.22 
Taurine (bile, second 12 hrs.) 42+ 20 344+ 16 0.16 
12 124+ 20 340+ 16 0.16 


ee Aleohol-soluble fraction of bile (6-18 hrs.; 13. 254 + 24 
ml] 
Aleohol-soluble fraction of bile (18-24 hrs .s 114 + 30 


ml 

Taurine (bile 6-18 hrs 284 + 24 
6-18 ‘ 278 + 24 
Organic §S in protein fraction of bile (total 88 + 20 
Inorganic ‘ ‘ - ee $+ 14 
Aleohol-soluble sulfate (bile, 0-6 hrs $+ 14 
Ka : 6-18 ‘ 6+ 14 
18-24 “* 5+ 14 

t Specific activity radioactivity pel milliequivalent of sulfur 


specific activity of sample 
t Per cent replacement 100 


specific activity of methioni 

§$ 10 mg. of methionine* fed (77,000 + 4700 counts per minute); specific activity, 
570,000 + 35,000 counts per minute. 

53.1 mg. of methionine fed (156,200 + 5400 counts per minute); specific activity, 


219,000 + 7600 counts per minute 

€ In order to obtain the specific activity of the taurine sulfur in this derivative 
the specific activity as defined has been multiplied by 2 

** 103.5 mg. of methionine fed (162,000 + 17,000 counts per minute); specific ae- 


tivity 117,000 + 12,000 counts per minute. 


The taurine from the Ist 12 hours bile was converted to the sodium salt of 
8-naphthalenesulfotaurine by the technique given by Schmidt and Cerecedo 
(17). The sodium salt was recrystallized from 50 per cent aleohol. The 
dried product had the same crystalline structure as a known specimen. 


9° 
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Both preparations decomposed at 245° (corrected). Bergell (18) gives 
947° (corrected). 

The radioactivity data obtained on the BaSO, precipitates made from 
the digestions of the taurine and its derivative are given in Table I. 

Dog 3—This dog was fed 1 gm. of sodium cholate daily for 6 days, start- 
ing from the Ist day after the operation. On the 8th day, 1 gm. of cholic 
acid was fed morning and evening. On the following day 103.5 mg. of 
methionine* and 1 gm. of cholie acid dissolved in 100 ml. of 20 per cent 
glucose were given. At this time the dog weighed 10.4 kilos. During the 
following 24 hours bile was collected in periods of 6, 12, and 6 hours. The 
animal was then sacrificed. 

Taurine was isolated from 48 ml. of the 6 to 18 hour bile by the preceding 
methods. The decomposition point of this taurine was compared with 
that of the known specimen by placing the melting point tube in a bath at 
324° and then raising the temperature to the point of decomposition. The 
decomposition points were as follows: taurine from bile 331° (corrected), 
known specimen 332° (corrected). The temperatures are slightly higher 
than those observed previously. 

To the alcohol-soluble fractions of the first and third collections of bile 
and to 13 ml. of the second collection, all dissolved in water, carrier sulfate 
was added and BaSO, was precipitated. After the BaSQO, was filtered off, 
the residue was digested to convert the organic sulfur in the filtrate to 
sulfate. This was likewise precipitated. The protein, filtered from the 
alcoholic solutions of the three bile specimens, was washed with alcohol and 
then with 2 per cent trichloroacetic acid and hydrolyzed for 24 hours with 
8 n HCl. From the hydrolysate, after removal of most of the HCl and 
addition of carrier sulfate, BaSO, was precipitated. The amino acid sulfur 
in the filtrate was also converted to sulfate. The radioactivities of these 
various BaSO, precipitates and of the BaSO, obtained from the crystalline 
taurine are given in Table I. 

Results—-The data collected in Table I show quite definitely that all of 
the isolated specimens of taurine contained significant amounts of radio- 
active sulfur. This cannot be attributed to traces of a sulfur-containing 
contaminant with a very high specific activity because the specific activity 
of the isolated taurine was always higher than that of the residues. More- 
over, the methods used were such as to remove any probable contaminant. 
Therefore, the results show that in the dog methionine sulfur can be con- 


verted to taurine sulfur. 
Experiments with Bile Fistula Rats 


Bile fistulas were made on adult rats weighing between 260 and 300 gm. 
by the method of Sawyer and Lepkovsky (19). Bile was collected from 
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the bulbs three times a day. The rats were fasted for 1 day before the 
operation and the fast was continued after the operation. 

The sulfur in the alcohol-soluble fraction of the bile was determined 
either by digestion with the Pirie reagent or with an alkaline Denis reagent 
(20). In the first case the sulfate was precipitated with benzidine and 
determined by titration; in the second by weighing as BaSO,. The rat bile 
contained 0.027 to 0.040 per cent sulfur in the alcohol-soluble fraction, 

Amino nitrogen was determined on the alcohol-soluble fraction both 
before and after hydrolysis with sodium hydroxide according to the method 
of Schmidt and Dart (21). When the determination of amino nitrogen 
was carried out on the equivalent of 0.4 ml. of bile, the values obtained 
from the hydrolyzed and unhydrolyzed bile were small. In most cases, 
therefore, determinations were made on larger aliquots of the alcohol- 
soluble fraction. The data are given in Table IT. 


TABLE II 


Amino Nitroge nin Alcohol-Soluble Fraction of Rat Bile 


Rat No Free Bound Rat No Free Bound 
per cent per cent per cenl per cent 

l 0.027 0.022 5 0.009 0.015 

2 0.024 0.000 6 0.009 0.014 

3 0.012 0.008 7 0.013 0.012 

} 0.030 0.023 8 0.012 0.014 


Methionine* was fed to six bile fistula rats and the radioactivity in the 
aleohol-soluble fraction of the bile was determined. The data, collected 
in Table III, show that a radioactive sulfur compound other than methio- 
nine or inorganic sulfate and possibly taurine was present in this bile 
fraction. The sulfur of this compound apparently comes from that of 
methionine. It should be noted that the dogs were fed cholic acid, whereas 


the rats received none of this substance. 


III. Distribution of Sulfur* in the Proteins of Animals Fed S* or Methionine* 


Fate of Elementary Sulfur* Fed to Normal Rats 


It has been shown that the rat cannot utilize elementary sulfur in lieu 
of cystine or methionine (22). When fed, most of the sulfur appears in 
the urine as sulfates (23). The possibility remains that small amounts of 
sulfur are synthesized into utilizable organic form but that the rate of 
synthesis is insufficient to supply the requirements of the organism. An 
attempt has been made to detect such a synthesis by feeding colloidal 
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sulfur* to rats. The animals were sacrificed either 48 hours after a single 
dose or on the 9th day following eight daily doses. A search was made for 
radioactivity in the proteins of the internal organs. 

Method—Three normal adult rats on the stock diet were fed 1.00 ml. of a 
colloidal solution of sulfur* (10 per cent gelatin containing 1 mg. of sulfur 
per ml.) by stomach tube. 48 hours later the rats (Nos. 1, 2, 3) were 
sacrificed. Three more rats (Nos. 4, 5, 6) were fed the same dose of sulfur 
each day for 8 days and were sacrificed on the 9th day. Protein prepara- 
tions from the internal organs of all these rats were made as follows: 
The well minced tissue was precipitated with 8 per cent trichloroacetic 
acid, washed well with the same reagent, and then extracted with alcohol 


TaBLe III 
Experiments on Bile Fistula Rats 


Radioactivity | Radioactivity 


Rat No, | Days.after | Methionine? | Perindafbile | ofmethionine” | yichtitttiog 
of bile 
me. hrs. counts per min. counts per min. 
1 3 1.0 40 1600 105f 
2 3 1.0 40 1600 39§ 
3 l 4.4 96 1730 62!| 
4 2 4.4 72 1730 25 
8 2 8.8 30 3460 180t 
10 2 4.4 30 1730 43 


+ All animals were maintained in the fasting condition. 
t 0.5 mm of sodium sulfate was added to the bile before precipitation with alcohol. 
§ The bile was hydrolyzed with NaOH, 0.4 mo of taurine was then added, the total 
taurine was isolated, and the compound recrystallized three times. 
1.4 mm of sodium sulfate and 1.3 mm of methionine were added to the bile before 


addition of alcohol 


and ether. The products were dried in the oven at 100° and afterwards 
over KOH in the vacuum desiccator. In the case of Rats 1, 2, and 3, 
samples were made from liver protein and from the combined proteins of 
the other internal organs but in the case of Rats 4, 5, and 6, all the internal 
organs were taken together. The skin and muscular tissue were in all 
eases discarded after trichloroacetic acid extracts were made. Special 
care was taken to wash out the alimentary canal. 

The urine and feces of Rats 1, 2, and 3 were collected separately. The 
urines were hydrolyzed by the usual method to convert the ethereal sulfate 
to free sulfate. Radioactivity determinations were made on the total 
sulfur and sulfate sulfur in aliquots of the hydrolysate. 

The feces of each rat were extracted with 40 ml. of hot 95 per cent alcohol 
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half saturated with sulfur and then with two 20 ml. portions of hot aleohol, 
The alcohol was evaporated from the combined extracts, and the sulfur- 
containing residues were oxidized to sulfate, which in turn was converted 
into BaSO,samples. The feces residue was extracted twice with 5 per cent 
trichloroacetic acid. After oxidation and addition of sufficient carrier 
sulfate, BaSO, samples were prepared. 

Results—It is quite obvious from the results shown in Table IV that no 
detectable amount of sulfur* was introduced into the proteins. A count 
of 20 per minute or more in asample would have been positively detected ;so 
that in the case of Rats 1, 2, and 3 less than 0.3 per cent of the sulfur fed 


TABLE IV 
Fate of Sulfur ° Fed lo Vormal Rats 


Substance Rat! Rat2 Rat 3 
unis Der min counts per min unis per min 
Proteins from liver 2+ 10 2+ 10 6+ 10 
‘* internal organs S$+ 10 O+ 10 6+ 10 
Total urinary sulfatest 1500 + 400 1600 + 300 1780 + 300 
St 1640 + 300 1360 + 300 1160 + 600 
Feces sulfatest 145+ 26 1I2+ 20 308 + 52 
S+ 186 + 32 14+ 12 S2+ 14 

R 4 Rat 5 Rat ¢ 
Proteins from internal organst 10 10 2+ 10 i+ 10 


tats 1, 2, and 3 were fed 1 mg. of sulfur* (7200 + 330 counts per minute) as a single 
dose. Rats 4, 5, and 6 were fed 8 mg. of sulfur* (57,600 + 2640 counts per minute 
in 1 mg. doses per day for 8 days. 

+t Estimations made on 48 hour collections 


t Proteins from internal organs include those of the liver 


could have been present in any one of the tissue protein samples, and in 
Rats 4, 5, and 6, less than 0.035 per cent. 

Table IV also shows that a considerable part of the radioactivity was not 
accounted for. It is difficult to explain this because very little was deteet- 


able in the trichloroacetic acid extracts of the skin and muscle 


Introduction of S fur * into Proteirs of Bile Fistula Rats and Dogs 
Fi d Mi th ronine ° 


+ 


The results of feeding methionine* to bile fistula rats and dogs showed 
that only a small fraction of the methionine sulfur* appeared in the bile, 
and it was soon found that only a part of the balance was present in the 
urine and feces. Consequently, the sulfur in the tissue proteins was 


examined for radioactivity. 
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Method—The tissues were removed from the animals (Rats 1 and 2 and 
Dogs 2 and 3) as soon as possible after sacrifice and protein preparations 
were made as before except that 4 per cent trichloroacetic acid was used 
instead of 8 per cent. The total protein sulfur was converted to sulfate 
with the Pirie reagent and the amount of sulfate in the digests was deter- 
mined by titration of the precipitated benzidine sulfate. In most cases 
aliquots of the filtrate from the benzidine sulfate titration containing 0.5 
mM of sulfate were taken for the preparation of samples for radioactivity 
determination. Determinations were made on duplicate samples except 
when the organs were too small to allow this to be done (e.g., thyroid). In 
the case of Dog 3, many of the samples were checked by determining the 
radioactivity in two different counter tubes. 

Results—The combined data from Rats 1 and 2 in Table V show that 
56 per cent of the methionine* was introduced into the rat proteins and 
only 36 per cent was oxidized to sulfate (this includes sulfate in the tissues). 


TABLE V 


Distribution of Sulfur after Feeding Methionine* to Bile Fistula Rats (Nos. 1 and 2)t 


Per cent Per cent 
Substance of dose ad- Substance of dose ad- 

ministered ministered 
Total sulfate 36 Lungs 2 
Trichloroacetie acid-soluble 8 4 Carcass 19 
Liver 14 Skin and hair 2 
Kidneys 5 Bile protein rs 2 
Gastrointestinal tract 9 ‘€ (aleohol-soluble fraction) 5 
Genitourinary tract 3 


t See Table III. 


Attention should be drawn to the fact that these rats were fasting and that 
the dose of methionine* was small; namely, 1 mg. per rat. 

In Table VI are shown the results obtained from Dog 2 which was fed 
3.7 mg. of methionine* per kilo after fasting 6 days and of Dog 3 which was 
fed 10 mg. of methionine* per kilo after fasting 8 days. It is evident from 
the results that the specific activities in the total sulfur fraction of the pro- 
teins from the different tissues are very variable. The very high specific 
activity in the intestinal mucosa and the very low specific activities in the 
muscular tissues are especially noteworthy. It is possible that the rela- 
tively high activity observed in intestinal muscle may be due, in part, to 
contamination with mucosa. 


Kxperiments with Proteins* of the Dog 


In the case of Dog 3, the liver protein was fractionated by the method of 
Banga and Szent-Gy6érgyi (24) in order to ascertain whether or not the 
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specific activities of the sulfur in the albumin-globulin fraction were the 
same as in the so called structural protein 1. Also the total liver protein 
was hydrolyzed, cystine was isolated, and the specific activity of the cystine 
sulfur was compared with that of the sulfur remaining in solution (meth- 
ionine sulfur*). 

TaBLe VI 


Specific Activities and Per Cent Replacement of Sulfur in Proteins Isolated from Tissues 


of Bile Fistula Dogs Fed Methionine* 


Dog 2 Dog 3 
Protein > 
Re- Re- 
Specific activity place- Specific activity) place- 
ment ment 


counts per min. percent counts per min. | per cent 


342+ 16 | 0.16 4175 +10 | 0.41 


Liver 

Kidney 208 +17 | 0.10) 352+ 20 | 0.30 

Spleen 85+11 0.04 208+ 9 | 0.18 

Lungs 138 +13 § 0.06 197 +12 | 0.17 

Brain 93 +12 | 0.08 
287 + 22 | 0.25 


Submaxillary gland 


178 +70 | 0.15 
283 + 38 0.13 547 + 23 | 0.47 
20+ 17 | 0.01 12+ 6 | 0.01 
78 +14 | 0.07 
38 + 10 0.02 110 + 12 0.09 
ll+ 5 0.01 


Thyroid gland 
Pancreas 

Leg muscles 
Ventricular muscle 
Diaphragm 

Red blood corpuscles 


Fibrin 337 + 40 0.15 

Pseudoglobulin 2908 +90 | 0.14 

Albumin 340 +16 = 0.16 

Stomach muscle 71 + 24 | 0.08 116+ 30 = 0.10 

Small intestinal muscle 137 + 24 0.06 272+ 8 | 0.23 
= 68 +14 | 0.08 


Large 
Stomach mucosa 281 + 22 0.24 


og 943 + 22 0.81 
380 +10 0.17 
+ 39 0.17 


Intestinal 
Duodenal 
submucosa 366 


See Table I for dosages and definition of terms. 


The plasma proteins were separated by ammonium sulfate precipitation 
(25). Experiments of a preliminary nature were also carried out in an 
attempt to determine whether or not plasma proteins constitute a multi- 
component system in dynamic equilibrium. 

Fractionation of Liver Protein—The fresh minced liver was extracted 
at 0° with 3 volumes of a solution which had the following constituents 
in the concentrations indicated: 5 m urea, 0.6 m KCI, 0.01 Mm NaeCQs, 
and 0.04 m NaHCOs. Practically all the liver dissolved to give an 
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opalescent solution. The extract was then divided into two equal por- 
tions and 5 volumes of water were added to each. The first portion (a) 
was adjusted to pH 6 with acetic acid and the second portion (b) to pH 7. 
The protein precipitates were separated by centrifuging, washed with ice 
water, and then with 4 per cent trichloroacetic acid, aleohol, and ether, and 
made into dry protein samples. The centrifugate (b) was adjusted to pH 
6, which resulted in the appearance of more precipitate. This precipitate 
was treated like the two previously obtained. (When additional acetic 
acid was added to the filtrates at pH 6, only a cloudiness appeared.) 
Residual soluble protein (albumin and globulin) in these solutions was 
precipitated by addition of trichloroacetic acid to a concentration of 4 per 
cent. Samples for counting were prepared from these protein fractions. 

Part of the total liver protein preparation was hydrolyzed by refluxing 
for 24 hours with 8n HCl. Cystine was precipitated from the hydrolysate 
as the cuprous mercaptide (26). It was well washed with buffer of pH 3.5. 
The sulfur of both the precipitated cystine and of the methionine remain- 
ing in solution was oxidized to sulfate and the amount estimated. Its 
radioactivity was determined. 

Experiments with Plasma Proteins—The proteins were separated from 
defibrinated plasma by ammonium sulfate fractionation. Euglobulin* 
was precipitated by 33 per cent, pseudoglobulin* by 46 per cent, Albumin 
I* by 64 per cent, and Albumin 2* by complete saturation with ammonium 
sulfate. The subsequent treatment was as follows: 

(a) The pseudoglobulin* precipitate was dissolved in water and dialyzed 
free from sulfate. It was then dialyzed against a large volume of a solu- 
tion, 0.14 m with respect to NaCl and 0.0156 m with respect to a phosphate 
buffer of pH 7.2. Finally most of the phosphate was removed and the 
NaCl concentration raised to 0.154 mM. A little of the protein did not go 
into solution. It was filtered off. A mixture of 24 ml. of the pseudo- 
globulin solution and 38 ml. of ordinary defibrinated dog plasma was pre- 
pared. After the mixture had stood 12 hours at room temperature, the 
proteins were separated. However, the pseudoglobulin was taken out at 
between 30 and 49 per cent saturation with ammonium sulfate instead of 
between 33 and 46 per cent as previously. The separated proteins were 
washed with trichloroacetic acid as usual and samples for the determination 
of radioactivity were prepared. 

(b) The combined Albumin 1* and 2* precipitates were dialyzed free from 
sulfate and, after the solution was filtered, an experiment similar to that 
given under (a) was carried out. 50 ml. of the albumin solution were 
mixed with 75 ml. of defibrinated dog plasma. A few drops of toluene were 
added and the mixture was incubated at 37°. The proteins were separated 
from half of the mixture after 24 hours and from the other half after 72 
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hours. The albumin was separated between 44 per cent and complete 
saturation with ammonium sulfate. Samples for the estimation of radio- 
activity were prepared from the precipitated proteins. 

Resulits—The protein precipitated from portion (a) at pH 6 comprised 
79 per cent of the total soluble liver protein and had a specific activ ity of 
484 + 18 counts per minute, that precipitated at pH 7 from portion (6) 
comprised 47 per cent of the total and had an activity of 513 + 25 counts 
per minute, and the protein precipitated by adjusting this solution to 
pH 6 comprised 29 per cent of the total and had a specific activity of 491 + 
30 counts per minute. The soluble protein comprised 22 to 24 per cent of 
the total. It had an activity of 469 + 23 counts per minute. From these 
results it appears that the specific activities of the various protein fractions 
were the same within the error of measurement. However, as might be 
expected, this was not the case with the specific activities of the isolated 
cystine and that of the residual (methionine) sulfur. The specific activity 
of the cystine was 411 + 14 and that of the methionine 633 + 31. It is 
apparent from this result that the conversion of methionine sulfur to cys- 
tine sulfur is not a slow process. The same conversion was also shown in 
the case of the bile fistula rats, Nos. 3, 4,8, and 10. Radioactive cystine 
was found in the liver and kidney proteins of all of these animals. 

The results of the in vitro experiments with radioactive protein fractions 
added to ordinary defibrinated dog plasma are given in Table VII. It is 
shown that there is no considerable transfer of radioactivity from either 
pseudoglobulin or albumin to the other proteins in the plasma. The pro- 
teins added to the plasma did not dissociate into components common te 
the other plasma proteins; they retained their individualities. However, 
this may not be strictly true, particularly with regard to euglobulin and 
pseudoglobulin. The data do not exclude the possibility of some exchange 


between these two proteins. 
Iv. Expe raments 77 Vitro with ss fu . and H va oder Ny J je" 


Oxidation of Cysteine with S fur" 


Guthrie and Allerton (27) have reinvestigated the reaction which leads 
to the formation of HS when thiol compounds such as cysteine, gluta- 
thione, and proteins are treated with sulfur. The type reaction is 2RSH + 
S— RSSR + HS. There is no proof that the sulfur in the H.S formed in 
this reaction originates from the elementary sulfur used. Hence this 
possibility was investigated by using sulfur* in the reaction. 

Method and Results—<An alcoholic solution of sulfur* (12 mg. per cent) 
was prepared. With an excess of cysteine in a phosphate buffer of pH 6.7 
the sulfur* in part of this solution was reduced. The H.S was collected 
and oxidized to sulfate with alkaline H.O. and the cystine-cysteine re- 
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covered from the solution. Samples for radioactivity determination were 
prepared. 

The radioactivity of the H.S evolved accounted for most of that added 
and none was found in the cystine. The radioactivity of the sulfur used, 
in counts per minute, was 4250 + 500; that of the cystine-cysteine re- 
covered was 8 + 15. This experiment and others done under slightly 

TasLe VII 
Equilibration of Serum Pseudoglobulin* and of Serum Albumin* with Proteins of 
Normal Defibrinated Dog Plasma 
Incubation period 


Pome Albumin’, Albumin®, 
12 bes. of 99° | 24 hrs. at 37° 72 hrs. at 37° 


Protein fractions 








counts per min. counts per min. | counts per min. 


Original pseudoglobulin* a 328 + 19 

Pseudoglobulin from mixture 2 5 +17 —6+ 7\ 647 

Euglobulin from mixture 34+ 9 —6+ 7) 

Original Albumin* 1 and 2 , 183 +15 | 183415 

Albumin 1 from mixture 17 + 7\ 151 + 14 172 4 15 
“é » “é ‘ec ‘ ; 6 + 7 | 


The ratio of pseudoglobulin* added to the pseudoglobulin in the plasma was 2. 


The ratio between the albumins was 0.3. 


different conditions show that less than 0.5 per cent of the sulfur* entered 


the cystine. 


Decomposition of Cystine (and Cysteine) in Alkali in Preserce of H,S* 


The decomposition of cystine, cysteine, and similar compounds in alkali 
has been studied by many workers; that of cystine is complex (28) and 
many products have been detected. The primary reaction is evidently the 
splitting of H.S from the cystine (see also (29)). If this reaction is re- 
versible, cystine (or cysteine) might be continually reformed but the 
reversal of the reaction would be difficult to detect because of secondary 
irreversible decompositions. Therefore, an attempt was made to answer 
this question by the use of H,S*. 

Method and Results—100 mg. of cystine were dissolved in 50 ml. of a 
solution 1 N in NaOH and 0.051 n in H.S* and heated for 3 hours in a closed 
vessel at 100°. After the H.S was removed from the solution and the pH 
adjusted to 5, the undecomposed cystine was precipitated. This cystine 
was reprecipitated from an acid solution, washed with water and alcohol, 
and converted into a BaSO,sample. The cystine remaining in the filtrates 
was precipitated as the cuprous mereaptide. Part of the mercaptide was 
converted directly into a BaSO, sample. The other part was decomposed 
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with H,S, the copper sulfide was filtered off, and the cystine remaining in 
solution was precipitated by adding /-cystine as ballast and adjusting the 
pH. ‘This cystine was reprecipitated from acid solution and washed. 

The HS used had a radioactivity of 580,000 + 58,000 counts per minute; 
the main cystine precipitate, 800 + 200; the whole mercaptide precipitate, 
1280 + 40; the whole cystine present in the mercaptide filtrate, 0 + 40, 
The fact that the mercaptide was radioactive but that the cystine isolated 
by means of added ballast was inactive shows that H.S (? 
pletely removed from the solution from which the mercaptide and also the 


) was not com- 


original cystine were precipitated. Therefore, it is probable that the 
800 + 200 counts per minute found in the original cystine were due to 
contamination. Other similar experiments support this conclusion. 

In another experiment cystine was replaced by cysteine, with conditions 
otherwise very similar to the preceding. The purified cystine had an 
activity of 0 + 10 counts per minute, whereas the original H.S had about 
the same activity as the H.S* used in the above experiment. Therefore, 
the reaction leading to the splitting of H.S from cystine and cysteine is not 
appreciably reversible under the conditions of these experiments. 


DISCUSSION 


For purposes of this discussion it will be assumed that the introduction 
of radioactivity into proteins after methionine feeding represents a new 
synthesis of peptide bonds rather than exchange of sulfur between the free 
sulfur*-containmg amino acids and those combined in proteins. It is 
assumed further that the synthesis of such bonds in bile fistula animals 
proceeds at approximately the same rate as in the normal animal. 

The results in Tables V and VI show that in many tissues the rate of 
turnover of the sulfur-containing amino acids must be high and in this re- 
spect the results are in accord with those obtained by Schoenheimer and 
his coworkers (30). However, it should be noted that the animals used in 
this work were fasted and single doses of methionine* were given, whereas 
the other workers fed their marked amino acids in larger amounts over a 
period of several days as a supplement to the diet. 

Schoenheimer and coworkers have concluded that no distinction can be 
made between endogenous and exogenous metabolism. The _ results 
reported here support this conclusion. Recently Burroughs, Burroughs, 
and Mitchell (31) have made the following statement, ‘In all likelihood, 
the chemical reactions that Schoenheimer has detected by means of iso- 
topic nitrogen between dietary amino acids and tissue proteins relate not 
to the fixed proteins of the cells, indispensable to their normal functioning, 
but to the dispensable reserve proteins, readily subject to mobilization by 
many experimental procedures and as readily reformed.” As previously 
indicated, the animals used in these experiments were fasted (Rats 1 and 
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2.3 days; Dog 2, 6 days; Dog 3, 8 days) before methionine* was fed ; conse- 
quently their reserve proteins must have been largely depleted. Never- 
theless considerable methionine* was introduced into the tissue proteins. 
Consequently the supposition of Burroughs and coworkers finds no sup- 
port in the experimental results reported. It is indicated that the total 
cellular protein is labile. 


We are indebted to Miss Lura M. Morse for preparing the bile fistula 
rats and estimating the amino nitrogen, to Dr. L. M. Montgomery and 
Dr. C. E. Nelson for preparing the bile fistula dogs, and to Mr. Ellery C. 
Stowell, Jr., for making some of the radioactivity determinations. The 
radioactive sulfur was kindly supplied by Dr. E. O. Lawrence and Dr. M. 
D. Kamen of the Radiation Laboratory of this University. 


SUMMARY 


1. A convenient method for the synthesis of methionine* (containing 
trace amounts of radioactive sulfur, S*) is described. 

2. Taurine* was isolated from the bile of dogs fed methionine*. In the 
dog (and probably in the rat) the sulfur of methionine is used in part for 
the synthesis of taurine. 

3. By feeding sulfur* to rats it was shown that less than 0.035 per 
cent of the sulfur* fed was contained in the proteins of their internal 
organs. Therefore, it is improbable that the rat can utilize elementary 
sulfur for the synthesis of the sulfur-containing amino acids. 

1. A large part of the sulfur* (as methionine and cystine) is contained in 
the proteins of fasted bile fistula dogs and rats fed methionine*. The per 
cent replacement of the sulfur in proteins with sulfur* varies in different 
tissues, but the different protein fractions of the liver and plasma show the 
same per cent replacement. 

5. The evidence indicates that serum albumin is not a system of com- 
ponents that are common to the other serum proteins. The situation with 
regard to pseudoglobulin and euglobulin is not clear. 

6. When cysteine is oxidized with sulfur*, no sulfur* is found in the 
eystine formed. 

7. When cystine (or cysteine) is partly decomposed in alkaline solution 
in the presence of H,S*, no sulfur* is present in the residual cystine (or 


cysteine). 
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It has been generally assumed that the inhibition of cholinesterase by 
physostigmine and prostigmine is non-competitive. This is implicit in the 
equation given by Matthes (1) relating the degree of inhibition to the 
concentration of physostigmine, for it contains no term for substrate con- 
centration, an omission justified only if the inhibition is non-competitive. 
However, it should be noted, as Matthes himself points out, that his 
equation fits only a certain range of the data, and that the discrepancies 
with low physostigmine concentration are probably not to be accounted for 
by experimental error. In any case, as Lineweaver and Burk (2) have 
made clear, the type of inhibition cannot be determined from this relation- 
ship. 

Some years later Easson and Stedman (3) reached the tentative conclu- 
sion that inhibition by prostigmine is non-competitive on the indirect 
evidence that, if enzyme and inhibitor are allowed to reach equilibrium 
before the substrate is added, hydrolysis of the latter, provided a sufficient 
excess is present, proceeds at a constant rate. Their theoretical relation- 
ship between prostigmine concentration and the degree of inhibition is 
essentially the same as that of Matthes: there is assumed to be a reversible 
but non-competitive combination between 1 molecule of inhibitor and one 
active center of enzyme to form an inactive compound. They state that 
it is necessary to leave prostigmine in contact with the enzyme for at least 
9 hours before measuring the inhibition in order to insure equilibrium, and 
in their experiments they apparently left the mixture for about 24 hours. 
Similarly Roepke (4) states that approximately 8 hours are required for 
physostigmine and prostigmine to reach an equilibrium with the enzyme. 
Using an indicator method, he measured the rate of hydrolysis of varying 
concentrations of acetylcholine by a cholinesterase preparation which had 
been mixed with the drug and left overnight in the ice box. When the 
reciprocals of the velocities thus obtained were plotted against the recipro- 
cals of the substrate concentrations (cf. Lineweaver and Burk (2)), it was 
found that the points lay upon two straight lines which did not cut the 
1/v axis at the same point, typical of non-competitive inhibition. On the 
other hand he failed to confirm Easson and Stedman, finding that the rate 
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of hydrolysis very slowly decreased on addition of substrate, and concluded 
that these drugs are probably also competitive inhibitors. 

An equilibrium reached only after 8 or 9 hours would seem to be, in the 
case of these drugs, of only slight physiological importance, for the action 
in the body begins within a few minutes and is usually over within a couple 
of hours. Effects obtained immediately after the drug was mixed with the 
enzyme were accordingly investigated with an electrometric titration 
method slightly modified from that of Alles and Hawes (5) and described 
elsewhere (Eadie (6)). Serum was kept in a stoppered glass tube through 
which bubbled nitrogen. This precaution was taken because otherwise 
blanks with serum alone were found to become alkaline at a measurable 
rate, presumably from loss of carbon dioxide. Dog serum was used as the 
source of enzyme, 1 cc. being added to the titration mixture, the total 
volume of which was 25 cc. The alkali used was 0.01 N NaOH, and the 
temperature was 36.5". 

Existence of Early Equilibria—The usual criterion for the existence of 
an equilibrium is taken to be the constancy of the rate of hydrolysis of 
acetylcholine. Three sets of conditions, however, must be distinguished. 
(1) When the initial concentration of acetylcholine is sufficiently high so 
that it remains practically constant during the course of the experiment 
(20 minutes), the amount hydrolyzed per minute will remain constant. 
(2) With lower acetylcholine and moderately low inhibitor concentrations, 
the rate will follow the usual logarithmic law for monomolecular reactions. 
(3) It will be shown later that the inhibition is competitive; because of this 
the degree of inhibition will be greater, the lower the substrate concentra- 
tion. Hence with low acetylcholine and relatively high inhibitor concen- 
trations, the rate will fall off more quickly than predicted by the mono- 
molecular equation. This departure, however, will not occur until an 
appreciable amount of substrate has been hydrolyzed. 

When the experiments were analyzed, it was found that with high acetyl- 
choline concentrations plotting the NaOH used against time yielded a 
straight line; plotting log a/(a — x) against time also yielded a straight 
line not only here but with lower acetylcholine concentiations, the only 
exceptions being when the inhibitor concentrations were very high, and 
even in these cases the divergence did not occur before 15 minutes or so. 
Fig. 1 illustrates the first of these cases, and also shows that the new equi- 
librium became established within 5 minutes. In most cases examined it 
took about half this time. 

Velocities, accordingly, were calculated by fitting the data to the loga- 
rithmic equation by the method of least squares. The velocity constant 
thus obtained was multiplied by the initial acetylcholine concentration to 
get the actual initial velocity, a correction being made for hydrolysis due 
to OH ion. 
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All experiments were rejected in which the variance of estimate (7.¢. the 
sum of the squares of deviation from a straight line divided by the degrees 
of freedom) exceeded an arbitrary value which was fixed at 1.0 X 10~*. 
In the case of the experiments in which a departure from linearity occurred 
towards the end, only the earlier points were used, provided, of course, 
that they met the preceding criterion. 

Effect of Varying Substrate Concentration—The difference between com- 
petitive and non-competitive inhibition can be determined only by experi- 
ments with varying substrate concentration (2, 7). The relationship 
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Fic. 1. The effect of the addition of prostigmine on the hydrolysis of acetylcholine 
by dog serum. Experimental points are marked. The dotted line shows how hy- 
drolysis would have proceeded if prostigmine had not been added. It will be seen 
that a new rate becomes established about 5 minutes after the addition of prostig- 


mine. 


between velocity of hydrolysis and substrate concentration is given by the 
equation, modified from Michaelis and Menten (8) 
Va 
p= 


r+ Kp 


where v is the initial velocity, x the molar substrate concentration, and V 
the value of » when 1/ris 0. K, stands for Ky (1+ Jf"*/K,) where Ky and K, 
are the enzyme-substrate and enzyme-inhibitor dissociation constants 
respectively, f the molar concentration of inhibitor, and n the number of 
molecules of inhibitor combining with 1 molecule (or active center) of 
enzyme. In the absence of inhibitor K, reduces to Ky. In non-competi- 
tive inhibition the value of V is decreased, and in competitive inhibition 
that of K, is increased. 

The equation in the form given is not very easy to deal with, and Line- 
weaver and Burk (2) suggested using 1/x and 1/v as the variables; so that 
it becomes 
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When plotted, this gives a straight line of slope K,/V cutting the 1/v axis 
at 1/V. Competitive inhibition is now characterized by a change in slope 
due to a change in K, (but not in V), and no change in the point of inter- 
ception on the 1/v axis. Fig. 2 shows the data from a typical experiment 
with physostigmine plotted in this way, and Fig. 3 one with prostigmine. 
It is clear that in each case the data indicate competitive inhibition. 
MIN 

Fig. 2. The effect of substrate concentration on the velocity of hydrolysis of 
acetylcholine by dog serum in the presence (upper curve nd absence (lower curve) 
of physostigmine, 1 * 107° M 

Fic. 3. The effect of substrate concentration on the velocity of hydrolysis of 
acetylcholine by dog serum in the presence (upper curve) and absence (lower curve) 
of prostigmine, 1.5 X 10°77 Mo. 

The data show enough variation to make a statistical analysis advisable. 
For this purpose the equation as just given is not very satisfactory, parti- 
cularly if we are interested in the value of K,. We may, however, rewrite 
it in the form 

t V — Kops 

where c is the velocity constant; z.e., v/z. This form has the advantage 


that the slope, A,, is now the regression coetticient, and the two constants 1 
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have been placed in separate terms. V can be shown to be equal tod — K,é, 
where } and é are the mean values of these variables. 

The question whether the variation in the values obtained for K, in 
different experiments may be attributed to the experimental error of the 
individual determinations can be answered by calculating F, the ratio of 
the two variances involved. In each of the three cases (acetylcholine alone, 


TABLE I 
Constants Obtained by Successive Poolings of Data on Dog Serum 


Kp 
K mw; acetylcholine 
Physostigmine, 2.4 X 10-7 m Prostigmine, 1.5 X 10-7 mw 
0.00209 0.00527 0.00416 
0.00126 0.00474 0.00304 
0.00130 0.00347 0.00282 
0.00120 0.00367 0.00281 
0.00120 0.00443 0.00289 
0.00136 0.00459 0.00268 
0.00167 0.00457 0.00272 
0.00168 0.00263 
0.00166 0.00264 
0.00165 0.00263 
0.00160 0.00265 
0.00156 0.00260 
0.00154 0.00260 
0.00154 0.00267 
0.00171 0.00269 
0.00170 
0.00170 
0.00170 
0.00170 
0.00168 
0.00169 
0.00168 
0.00167 
0.00166 
Standard error of 
mean 0.00014 0.00049 0.00014 


and with physostigmine and prostigmine) / was found to be below the 
level of significance; experimental error is therefore sufficient to account 
for the differences. The test also indicates that pooling of data is per- 
missible. Table I shows the values of the constants obtained by successive 
poolings, and illustrates the more or less rapid approach to a fairly stable 
value. The most probable value is the final one in each series. The 
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standard error of the mean is also given. The difference in K, produced 
by the addition of physostigmine and prostigmine was found to be highly 
significant by the ¢ test. This is characteristic of competitive inhibition, 

V is a value obtained by extrapolation, and therefore subject to greater 
errors than A,. Calculation of F, however, gave values well beyond the 
1 per cent level of significance, indicating that the differences between 
individual estimations are greater than might be expected from the errors 
involved. ‘This is not surprising, since V depends not only on the charae- 
teristics of the enzyme but also on the amount of it per cc. of serum, 
Significant alterations in V were also found to occur on storage. We are 
therefore not justified in pooling the data to arrive at the most probable 
value of V, but must compare averages. For each batch of serum there 
was usually one determination of V without inhibitor, and several with. 
Kach determination was made from several titrations, usually three to five. 
For the sera used for the physostigmine experiments the values of V without 
and with inhibitor were averaged, each being weighted according to the 
number of titrations involved in its determination; the standard deviations 
were also calculated. In the absence of physostigmine the average V was 
0.207 + 0.47 (six experiments), and in the presence of 2.4 X 1077 M in- 
hibitor 0.233 + 0.032 (seven experiments). There is no significant dif- 
ference between these values, and in any case the second is higher than the 
first rather than lower. For the sera used in the prostigmine experiments 
the values were without prostigmine 0.178 + 0.028 (six experiments) and 
with prostigmine (1.5 X 10-7 m) 0.176 + 0.013 (fifteen experiments). 
Here again there is no significant difference. There is thus no evidence 
of any change in V as would have occurred with non-competitive inhibition. 
Statistical analysis thus confirms the conclusion that the inhibition is 
competitive. 

The best value for the enzyme-substrate dissociation constant is 0.0017 

t 0.0001. The calculation of the inhibitor-enzyme dissociation constants 
must be postponed until we know the value of n, the number of molecules 
of inhibitor combining with 1 of enzyme. 

Effect of Inhibitor Concentration—If our interest is in the relationship of 
the velocity to the inhibitor concentration with constant substrate con- 
centration, it is convenient to rearrange the terms of the Michaelis equation 
and simplify by substituting new constants to get 


l/v = a+b" 


If n = 1, which is usual, then the reciprocals of the velocities plotted against 
the inhibitor concentrations should form a straight line. Data for phy- 
sostigmine are plotted in Fig. 4 and for prostigmine in Fig. 5. Only with 
lower concentrations of the inhibitor do the points approach a straight line. 
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if, however, n = 2, the points should fall on the curves shown in Figs. 4 
and 5, and it is obvious that they fit them fairly closely. 





PHYSOSTIGMINE CONCENTRATION Mx 10® 

0 05 1.0 1.5 2.0 25 3.0 3.5 
x — send eeemens L H 4 a 

Fic. 4. The effect of physostigmine concentration on the hydrolysis of acetyl- 

choline (0.008 m) by dog serum. If 1 molecule of inhibitor combines with 1 of 

enzyme, the points should fall on the straight line; if 2 molecules of inhibitor, on 


the curved line. 
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Fig. 5. The effect of prostigmine concentration on the hydrolysis of acetylcholine 
(0.008 m) by dog serum. If 1 molecule of inhibitor combines with 1 of enzyme, the 
points should fall on the straight line; if 2 molecules of inhibitor, on the curved line. 


The data have been analyzed statistically by fitting them, by the meth- 
ods of multiple regression, to the equation 
jv = A+Bf+CP 
The standard partial regression coefficient for the first power of f was found 
to be negative and not significant; that for the second power, positive and 
significant. Deviations from linear regression were also found to be signif- 
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icantly greater than from curved regression. From this it may be con- 
cluded that 1/v varies as the second power of f, or that 2 molecules of these 
inhibitors combine with 1 of enzyme. 

Since Easson and Stedman believe that their experiments indicate g 
combination of 1 molecule of prostigmine with 1 of enzyme, it is of interest 
to examine their data from this point of view. The results given in their 
Table VII have accordingly been plotted in Fig. 6, the (approximately) 24 
hour figures in the column headed “Titration”? being used as a measure of 
the velocity (two figures missing from this table can be supplied from the 
data in Table VIII). No correction was made for the difference in “time 
after mixing,” since, as they point out, its magnitude is exceedingly smell. 
The straight line and curve have the same significance as in Figs. 4 and 5, 
Here also the experimental points fit the curve very closely throughout the 
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Fia. 6. The effect of prostigmine concentration on the hydrolysis of acetylcholine 
by dog serum (data of Easson and Stedman). If 1 molecule of inhibitor combines 
with 1 of enzyme, the points should fall on the straight line; if 2 molecules of inhib- 
itor, on the curved line. 
whole range, and do not fit the straight line except at lower concentrations, 
again indicating that the inhibiting combination is between 2 molecules 
of drug and 1 of enzyme. 

Inhibitor-Enzyme Dissociation Constants—The enzyme-inhibitor dis- 
sociation constants may now be calculated from the datain Table I. They 
are 3.3 X 10-™ for physostigmine and 3.6 & 10-" for prostigmine. 

The standard deviation for these values cannot be calculated exactly, 
because p, the correlation coefficient between Ky and (K, Ky), is un- 
known. Maximum possible values for the standard deviations will be 
obtained if p = —1; these are 3.14 X 10-" and 4.33 X 10-" respectively; 
the true values are unquestionably less than this. Another estimate of 
the range may be obtained by using the ranges of Ky and K, given by 
their standard deviations. This leads to a range of A, for physostigmine 
of 4.54 X 10-" to 2.47 X 10-", and for prostigmine ot 5.40 XK 10-" to 
2.61 X 107". 
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Comment 

The type of inhibition has a bearing on the question whether the physio- 
logical effects are due to enzyme inhibition. In general, concentrations 
used in the test-tubes are likely to be greater than those reached at the 
point of action in the body, and, if inhibition is non-competitive, to produce 
the same degree of it would require the same concentration. On the other 
hand, if it is competitive, the extent of inhibition will depend also on the 
substrate concentration. Putting it in another way, we may say that the 
affinity of the enzyme for physostigmine or prostigmine is 10" times its 
affinity for its substrate. These experiments therefore make it possible 
to explain the in vivo action on the basis of that in vitro. 

The combination of 2 molecules of inhibitor with 1 of enzyme means 
that the number of enzyme molecules blocked increases with the square of 
the inhibitor concentration, rather than with the first power. It is thus 
possible to attain practically complete inhibition much more readily. 


I am deeply indebted to the Laboratory of Experimental Statistics, 
State College, Raleigh, North Carolina, for advice on statistical analysis, 
to Hoffmann-La Roche, Ine., for the gift of 1 gm. of prostigmine salts, 
and to Miss J. L. Smith and to Miss M. J. Stalleup for assistance in carrying 


out the experiments. 


SUMMARY 

1. Mixtures of cholinesterase with physostigmine or prostigmine reach 
an equilibrium within a few minutes after being mixed. 

2. The inhibition of the enzyme by these drugs is competitive. 

3. 2 molecules of inhibitor combine with 1 molecule (or active center) of 
enzyme. 

1. The inhibitor-enzyme dissociation constants are approximately 3 X 
10-" for physostigmine and 2 X 10-™ for prostigmine, the cholinesterase 
being that of dog serum at 36.5°. Under the same conditions the enzyme- 
substrate dissociation constant was found to be 1.7 X 10-* + 0.1. 
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THE EFFECT OF HEXOSES AND PENTOSES ON THE FORMA- 
TION IN VITRO OF PHOSPHOLIPID BY BRAIN TISSUE AS 
MEASURED WITH RADIOACTIVE PHOSPHORUS* 


By H. SCHACHNER, B. A. FRIES, anp I. L. CHAIKOFF 


From the Division of Physiology, University of California Medical School, Berkeley) 
(Received for publication, August 13, 1942) 


With the aid of radioactive phosphorus it has been demonstrated that 
surviving slices of liver, kidney, and brain and brain homogenates are ca- 
pable of synthesizing phospholipids from inorganic phosphate (1,2). The 
term “synthesis”? as applied here refers to the incorporation of inorganic 
phosphate into the phospholipid molecule, which means, rigidly defined, 
the formation of two ester bonds of phosphate. 

It is well known that the oxygen consumption of brain preparations re- 
mains nearly constant for long periods of time when placed in a Ringer’s 
medium containing glucose, whereas in a glucose-free Ringer’s medium the 
oxygen uptake decreases rapidly (3). These observations suggested the 
present investigation of the effects of glucose and other carbohydrates on 
phospholipid formation by surviving brain preparations. 


EXPERIMENTAL 

tats of both sexes weighing 14 to 18 gm. (6 to 8 days old) were used in the 
following experiments. The preparation of brain slices, brain homogenates, 
and the bicarbonate-Ringer’s solution containing P® in the form of inor- 
ganic phosphate has been described elsewhere (2). The amount of radio- 
phosphorus present in each bath gave from 5 X 10° to 1 X 106 counts per 
minute on the Geiger-Miiller counter employed in this laboratory. The 
methods used for the extraction of phospholipid and for the determination 
of its radioactivity have also been recorded (2). 

0.2 ce. of sugar solution was added to the 5 ec. of Ringer-bicarbonate 
medium contained in each reaction flask. The sugar solutions were pre- 
pared so that the added 0.2 ec. vielded the recorded concentrations of sugar 
in the reaction medium. 

Results 

Effect of Hexoses and Pentoses—The effect of various hexoses and pentoses 
on the recovery of radiophospholipid in surviving brain slices and homo- 
genates isshownin Table I. The results are expressed as percentages of the 


* Aided by a grant from the Research Board of the University of California, 
Berkeley. 
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inorganic radiophosphorus initially present in the bath recovered as radio- 
phospholipid per gm. of wet tissue. 

A striking increase in the recovery of radiophospholipid was observed 
when glucose, fructose, mannose, and galactose were added to the Ringer’s 
medium containing brain slices. When pentoses were added, no such effeet 
was found. The amounts of radiophospholipid recovered in the presence of 
glucose, mannose, and galactose were approximately equal. In the pres- 
ence of these hexoses, the recovery was about 5 times as great as that in the 


TABLE | 
Effect of Hexoses and Pentoses on Recovery of Radiophospholipid in Brain Slices and 
Brain Homogenates 
All values are expressed as per cent of the added P® recovered as radiophospholipid 


per zm. of wet tissue. 


, = ; Sugar* 
eon | Tissue preparation | incubation 
No sugar Glucose Fructose Mannose Galactose 
Ars. 
l Slices 2 0.54 2.6 1.8 2.4 
2 0.68 2.7 2.1 2.3 
2 0.48 2.7 
2 Slices 2 0.57 2.5 1.5 2.4 2.3 
2 0.66 2.5 1.4 2.2 
2 0.55 2.3 2.0 
Rhamnose Arabinose 
3 Slices 2 0.52 0.24 0.56 
2 0.30 0.38 0.42 
2 0.41 0.35 0.53 
Glucose Fructose 
1 Homogenate 4 0.18 0.19 0.30 0.35 0.27 
| 0.2 0.25 0.25 0.31 0.26 
4 0.20 0.29 0.25 0.29 0.25 


* In each case an amount of sugar was added to make its concentration in the bath 
0.02 m. 


control.samples which contained no added sugar. When fructose was 
added, the recovery of radiophospholipid was 3 times that of the control. 
No appreciable change in the pH of the bicarbonate-Ringer’s medium was 
observed during the course of the experiment whether or not it contained 
added glucose. 

Although it has been demonstrated previously that brain homogenates 
form appreciable amounts of phospholipid from inorganic phosphate (2), 
this tvpe of preparation failed to show an increased recovery of radiophos- 
pholipid when hexoses were added. 
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Effect of Variation of Glucose Concentrations—Table II shows that in 
2 hour experiments glucose concentrations differing by a factor of 100, 7.e. 
from a concentration of 0.001 to 0.1 m, caused the same 4- to 5-fold increase 
above the control in the recovery of radiophospholipid. In experiments 
prolonged to 4 hours (Fig. 1) the lowest glucose concentration, namely 0.001 
u,' did not have so great an effect as the higher concentrations. It would 


Tas_e II 
Effect of Glucose Concentration on Recovery of Radiophospholipid in Brain Slices 


All values are expressed as per cent of the added P* recovered as radiophospho- 
lipid per gm. of wet tissue. Period of incubation, 2 hours. 


Glucose concentration 

















Control — = 
0.001 m 0.005 m 0.02 u 0.10 mM 
0.63 2.5 2.5 3.0 2.7 
0.73 2.5 2.5 3.0 2.7 
0.48 2.1 2.9 2.6 2.5 
7.0) 
eo 
6. — 
7 . 
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« 
Ww 
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wl 
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HOURS 


Fie. 1. The effect of various concentrations of glucose on the recovery of radio- 
phospholipid at various time intervals. @ control (no glucose added); O 0.001 m 
glucose; © 0.005 m glucose; @ 0.02 m glucose. 


appear in this case that the glucose present had been completely utilized by 
the end of 2 hours and therefore failed to show stimulating effects on radio- 
phospholipid recovery at the 4 hour interval. 


‘It can be calculated from Kerr and Ghantus’ (4) figures for dog and rabbit 
cerebrum that the amount of glucose plus glycogen present in 300 mg. of brain slices 
is equivalent to about one-half the amount of glucose which has to be added to the 
5ec. samples of Ringer’s medium to yield a concentration of 0,001 . 
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As regards the higher glucose concentrations (0.005 and 0.02 M), it was 
found that the recovery of radiophospholipid after 4 hours was about twice 
the 2 hour value. It can be seen from Fig. | that a nearly straight line js 
obtained when radiophospholipid recovered in the presence of 0.005 and 
0.02 m glucose is plotted against time. This suggests that the rate of in- 
corporation of inorganic radiophosphorus into phospholipid remains con- 
stant under the influence of glucose for at least 4 hours. In the absence of 
glucose, however, the rate of radiophospholipid formation decreases con- 
siderably after the Ist hour. It is interesting to note that a similar situa- 
tion has been observed for the O, uptake by brain slices in the presence and 
absence of glucose. When glucose is present, the rate of O, consumption is 
nearly constant for at least 3 hours, whereas in the absence of glucose the 
rate of Ov» uptake decreases after the Ist hour (3). 

Effect of Glucose and Fructose in N» Anaerobiosis—In the experiments re- 
corded in Table ITT, slices were incubated in a bicarbonate-Ringer’s medium 


TaBLe III 
E ffect of \ { naerobiosis on Re covery of Radiophosphol pid n Bra n Slices 


All values are expressed as per cent of the added P* recovered as radiophospho- 


lipid per gm. of wet tissue Period of incubation, 2 hours. 
Control in O2 Control in Na Glucose (0.02 mu nN Fructose (0.02 m) in No 
0.45 0.075 0.24 0.14 
0.50 0.19 0.25 0.13 
0.54 0.056 0.15 0.078 


that had been saturated with a gas mixture consisting of 95 per cent N, 
and 5 per cent CO,. After the addition of the slices, the flask was thor- 
oughly flushed with the same N»-COz, gas mixture, tightly stoppered, and 
placed in the thermostat. 

The exclusion of oxygen resulted in a decreased recovery of radiophos- 
pholipid in brain slices. This is in agreement with the results obtained for 
liver and kidney under similar conditions (5). When glucose and fructose 
were added to brain slices incubated under anaerobic conditions, no sig- 
nificant increase in the recovery of radiophospholipid was observed. It ap- 
pears that the stimulating effect of these sugars occurs only in the presence 
of oxygen. The variability of the results obtained in the N»2 experiments 
suggests that the small amounts of radiophospholipid recovered under 
these conditions were due to traces of oxygen still present after the flasks 
were flushed with nitrogen, rather than to anaerobie phospholipid synthesis. 

Penetration of Phosphate into Slice—The slow penetration of phosphate 
observed in the brain in vive does not apply to thin brain slices suspended in 
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the bicarbonate-Ringer’s solution. In the latter case it is reasonable to 
assume that the inorganic phosphate of the medium enters into rapid equi- 
librium with the inorganic phosphate ef the extracellular spaces. 

The amount of phospholipid P® recovered is a function of (a) the rate of 
phospholipid formation and () the specific activity of the precursors at the 
site of phospholipid formation. If it be assumed that phospholipid forma- 
tion takes place in the extracellular spaces or on the outer surface of the cell, 
phospholipid is formed from an ultimate precursor, namely inorganic phos- 
phate of the extracellular spaces, whose specific activity reaches a maximum 
value very rapidly and remains at this maximum, or close to it, throughout 
the course of the experiment. So long as the penetration of inorganic 
phosphate into the extracellular spaces is a rapid process, the specific ac- 
tivity of the inorganic phosphate in the extracellular spaces cannot be in- 
fluenced by hexoses. Radiophospholipid, therefore, is formed at the ex- 
pense of an ultimate precursor whose specific activity is the same in the 
presence and in the absence of hexoses. Increased recovery under these 
conditions can mean only an increased rate of formation of phospholipid or 
of a phosphorus-containing phospholipid precursor.2 Therefore, if the in- 
corporation of inorganic phosphate into the phospholipid molecule or into 
a phospholipid precursor takes place in the extracellular spaces, the effect 
of hexoses observed in the present investigation represents a true stimula- 
tion in the rate of formation of phospholipid or of a phosphorus-contain- 
ing phospholipid precursor. 

If, however, the formation of phospholipid occurs within the cell, then 
the rapidity with which the labeled inorganic phosphorus (the ultimate pre- 
cursor of the radiophospholipid measured in these experiments) penetrates 
into the cell, or, more specifically, to the exact site of phospholipid formation, 
will be a decisive factor in determining the recovery of radiophospholipid. 
It is possible that under the influence of an added substance the rate of 
penetration of inorganic phosphorus is either increased or decreased, and the 
specific activity of the inorganic phosphorus at the exact site of phospholipid 
formation thereby altered. Under these conditions the recovery of radio- 
phospholipid would be increased or decreased even though the rate of 
phospholipid formation remained constant. 

The above considerations apply to all quantitative studies with tissues, 
in vitro as well as in vivo, in which the effect of various substances upon the 


? The experiments as carried out here do not distinguish between an increased 
rate of formation of phospholipid and an increased rate of formation of a phosphorus- 
containing phospholipid precursor. An increased rate of formation of such a pre- 
cursor would increase its specific activity; in this case an increased recovery of 
radiophospholipid would be obtained even if the rate of phospholipid formation 


were not increased. 
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rate of formation of a compound is measured by means of isotopes as tracers, 
This is particularly true in experiments of short duration (6). Changes jn 
the rate of penetration of the tracer element under the influence of an added 
substance may cause an increased recovery of the tracer element in the 
compound studied. Hence the mere increase or decrease in the recovery of 
the tracer element in the compound studied, by itself, cannot be interpreted 
to mean an increase or decrease in the rate of formation of the compound 
under investigation. 

These considerations led to the following experiments: 300 mg. of brain 
slices were placed in flasks containing 5 cc. of either a glucose-free radio- 
active Ringer’s solution or a glucose-containing radioactive Ringer's 
solution. The amount of radiophosphorus present in each bath gave from 
| X 10‘ to 5 & 10* counts per minute. At intervals of 1, 2, and 3 hours a 
few slices were removed from each bath, washed twice with non-radioactive 


TaBLe IV 
Effect of Glucose on Penetration of P** into Brain Slices 
All values are expressed as per cent of the added P* recovered in the brain slices 
per gm. of wet tissue. 


pee al al Control Glucose 
hrs. 
0 Negligible Negligible 
l 26, 22, 28, 24 (25) 37, 42, 52, 47 (45 
2 24, 27, 24, 30 (26 55, 54, 66, 66 (60) 
3 26, 27, 29, 26 (26) 58, 64, 68 (63 


The figures in parentheses are averages. 


Ringer’s solution, weighed, and their P® content determined.’ The results 
are expressed as the percentages of the added P* recovered per gm. of tissue 
(Table IV). In the experiments recorded in Table V, which were carried 
out in a manner similar to those above, the total and inorganic phosphorus 
contents of brain slices were measured after a 2 hour incubation in glucose- 
free and glucose-containing media. 

No significant difference was observed in the total phosphorus content of 
slices that had been incubated in (a) a glucose-free bicarbonate-Ringer’s 
solution and (b) a glucose-containing bicarbonate-Ringer’s solution (Table 
V). The values found at the 2 hour interval agreed closely with the 0 
time values. The amount of inorganic phosphorus found in brain slices 

* Negligible amounts of radioactivity were found in brain slices that were placed 


in the radioactive Ringer’s solution and immediately thereafter removed (0 time 
interval). 
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incubated for 2 hours in a glucose-containing Ringer’s solution was only 
slightly less than that found in slices kept in glucose-free Ringer’s solution. 
The values for inorganic phosphorus found in the 0 time experiments agreed 
closely with those obtained in brain slices incubated for 2 hours in glucose- 
free Ringer’s solution. 

The recovery of P® in the brain slices kept in a glucose medium is greater 
than in those suspended in a glucose-free medium (Table IV). This was 
the case at all three time intervals examined. Maximum values for P® 
recovery were observed at 1 hour in the control experiments, whereas in 
the presence of glucose an increase in the recovery of P® was obtained be- 
tween 1 and 2 hours. 

Under the influence of glucose the recovery of phospholipid P® in 
brain slices was increased about 3-fold after 1 hour, about 5-fold after 2 
hours, and about 10-fold after 4 hours of incubation (Fig. 1). If these 
increased recoveries are to be accounted for solely by increased penetration 


TABLE V 
Inorganic and Total Phosphorus Content of Brain Slices 


All values are expressed as per cent of the wet weight of the tissue. 


Period of incubation Control Glucose 
hrs. 
Inorganic P 0 0.029, 0.032 
2 0.031, 0.032 0.025, 0.025 
Total P 0 0.21, 0.22 
2 0.18, 0.19 0.22, 0.21 


of P® and the resulting increase in specific activity of the phospholipid 
precursor at the site of phospholipid formation, then it would be necessary 
for the specific activity of this precursor to be increased by about the same 
factors, namely 3-, 5-, and 10-fold, at the respective time intervals. The 
results on the penetration of P® (Table IV) suggest that the increased 
recovery of radiophospholipid under the influence of glucose is not due 
solely to increased penetration of inorganic phosphate. Further evidence 
for this view is provided in the following experiments. 

Brain slices were incubated for 45 minutes in a bicarbonate-Ringer’s 
solution containing P* in the form of inorganic phosphate. The slices 
were then carefully removed from the radioactive bath, and in order to 
free the slices of adhering P* they were dipped twice (for 1 minute each 
time) into separate non-radioactive bicarbonate-Ringer’s solutions. These 
slices were then divided into three portions and treated as follows: The 
radiophospholipid of one portion (Sample A) was determined immediately. 
The radiophospholipid of a second portion of slices (Sample B) was deter- 
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mined after the slices were incubated for 2 hours in a non-radioactive 
bicarbonate-Ringer’s solution. The third portion (Sample C) was jp- 
cubated for 2 hours in a non-radioactive bicarbonate-Ringer’s solution that 
contained glucose in 0.02 M concentration, and its radiophospholipid wag 
then determined. The average recoveries of radiophospholipid per gm, 
of wet tissue, expressed as the percentage of the P® added to the bath, 
were 0.17 per cent for Sample A, 0.19 per cent for Sample B, and 0.52 per 
cent for Sample C. 

These results show that the phospholipid P® content of the slices is 
greatly increased by incubation in the non-radioactive medium containing 
glucose (see Samples A and C). But incubation in the non-radioactive 
bicarbonate-Ringer’s solution containing no glucose failed to increase the 
radiophospholipid recovery (see Samples A and B) 

The increased penetration of inorganic phosphate (non-radioactive) into 
the slice under the influence of glucose (Sample C) should decrease the 
specific activity of the inorganic phosphate inside the slice and presumably 
at the site of phospholipid formation. Hence, if the effect of glucose on 
the recovery of radiophospholipid (Tables | and II) were due solely to an 
increased penetration of inorganic phosphate, the recove ry ol radiophos- 
pholipid should be less in the case of Sample C (glucose in a non-radioactive 
medium) than in the case of Sample B (non-radioactive medium with no 
glucose). The fact that the recovery of radiophospholipid was increased 
by glucose (Sample C), despite the dilution of the P® within the slice by 
increased penetration of non radioactive inorganic phosphate, leads to th 
‘rate of phospholipid or phospho- 


4 


conclusion that an actual increase in the 


lipid precursor formation had occurred. 
DISCUSSION 


The stimulating effects of hexoses upon the rate of formation of phospho- 
lipid or of a phosphorus-containing phospholipid precursor may be ex- 
plained by (a) the provision by the hexoses of increased oxidative energy 
for the formation of phospholipid or of a phosphorus-containing phospho- 
lipid precursor or (b) the direct formation of a phospholipid precursor from 
the added hexoses. At present no evidence exists for the latter case. 

Taurog et al. (5) have concluded from a study of the effects of various 
close relation exists between phospholipid 


respiratory poisons that a 
The well known effects of glucose in stimu- 


formation and respiration. 
lating oxygen consumption of brain slices, together with the observations 


recorded here, seem to be in line with such a view. 


The samples of radiophosphorus used in this investigation were prepared 
in the Berkeley cyclotron by members of the Radiation Laboratory under 


the direction of Professor E. O. Lawrence, to whom our thanks are due. 
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SUMMARY 


1. The conversion in vitro of inorganic P® to phospholipid P® by surviv- 
ing brain slices is greatly increased by the addition of the hexoses glucose, 
galactose, mannose, and fructose. This increase in recovery of radio- 
phospholipid is interpreted as being due to an increased rate of formation 
of phospholipid or of a phosphorus-containing phospholipid precursor. 

2. The addition of pentoses failed to increase the recovery of radio- 
phospholipid. 

3. The stimulating effect of the hexoses upon the recovery of radio- 
phospholipid is abolished when tissue organization is disrupted by homo- 
genization. 

1. The stimulating effect of the hexoses upon the recovery of radiophos- 
pholipid does not oecur under anaerobic conditions. 
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REACTION OF NINHYDRIN WITH ASCORBIC ACID AND 
OTHER ENDIOL COMPOUNDS 


DECARBOXYLATION OF DEHYDROASCORBIC ACID 
By EDWARD 8. WEST anp ROBERT E. RINEHART 


(From the Department of Biochemistry, University of Oregon Medical 
School, Portland) 


(Received for publication, August 25, 1942) 


When solutions of ninhydrin and ascorbic acid are mixed at room tem- 
perature, a very insoluble crystalline precipitate forms. The reaction 
oecurs very quickly when the mixture is heated. 0.5 mg. of ascorbic 
acid mixed with 5 mg. of ninhydrin per ml. of solution and heated over a 
flame for 2 to 3 minutes and quickly cooled gives a definite precipitate 
which has the same properties as that formed at room temperature. Re- 
ductone and dihydroxymaleic acid react with ninhydrin to give similar 
precipitates. 

Ruheman! has shown that when ninhydrin is reduced with hydrogen 
sulfide a crystalline precipitate of hydrindantin, CigsH;oO¢, melting at 236°, 
is formed, to which he assigns the structure, 


CO CO 


CoH, C(OH)-O-CH CoH, 


» 


CO CO 


Its formation depends upon the reduction of ninhydrin to the correspond- 
ing alcohol and the addition of this alcohol to ninhydrin. Ruheman 
demonstrated that hydrindantin gives a blue color with amino acids, as 
does ninhydrin. It also dissolves in strong bases to give a deep blue color 
which disappears upon shaking with air or oxygen. Hydrindantin can be 
recovered from the strongly alkaline solutions by immediate acidification, 
but not after destruction of the blue color by oxidation. Hydrindantin 
also dissolves in alkali-carbonate solutions to give a deep red color which 
is not discharged by aeration. Hydrindantin is recovered by acidification 
of the carbonate solution. 

The precipitates formed as a result of the reaction of ninhydrin with 
ascorbic acid and other endiol compounds possessed all of the properties 
of Ruheman’s hydrindantin. Freshly prepared samples turned red at 
about 200° as described by Ruheman, but both our preparations and that 


‘ Ruheman, 8. J., J. Chem. Soc., 99, 792, 1306 (1911). 
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made according to Ruheman’s directions did not show this color change 
after standing for a year in a desiccator. When our preparations were 
mixed with hydrindantin prepared according to Ruheman, the mixtures 
melted at 235-237 

Equimolecular amounts of ascorbic acid and ninhydrin were mixed in 
approximately 10 per cent solution in water and allowed to stand overnight 
at room temperature. The precipitate formed was removed by filtration, 
washed several times on the filter with cold water, and dried in an oven at 
100°. Carbon and hydrogen determinations on this preparation showed 
:; 66.58, H 3.23: theory for hvdrindantin, CH, Os, C O7 OS, H 3.10. The 
molecular weight of this preparation by the ebullioscopic method with 


dioxane as solvent was 331 (theory for hvdrindantin, 322). 








Fic. 1. Formation of hydrindantin in the reaction of 0.58 mm™ of ninhydrin witl 


ascorbic acid at room temperature for 48 hours 


As shown in Fig. | approximately 2 moles of ninhydrin pel mole of 
ascorbic acid yielded a maximum amount of precipitate, and in the presence 
of excess ascorbic acid the moles of hydrindantin formed were equivalent 
to one-half the moles of ninhydrin present. This is in accord wit 


tion involving the oxidation of 1 mole of ascorbic acid by 1 mole of nin- 
hydrin, and the subsequent reaction of 1 mole of reduced ninhydrin with I 


mole of ninhydrin to form 1 mole of hydrindantin, as described by Ruhe- 


l 
h a reac- 


man! in the reaction of ninhydrin with hydrogen sulfide. 

The slow evolution of gas was observed from mixtures of ninhydrin and 
ascorbic acid upon standing at room temperature. This gas was identified 
as carbon dioxide. Since ascorbic acid is oxidized quickly by ninhydrin 
and the evolution of carbon dioxide slowly follows this oxidation, it seemed 
probable that the carbon dioxide arose from the oxidation product of 
ascorbic acid. The oxidation of ascorbic acid by ninhydrin apparently 


stops at the stage of dehydroascorbic acid, since mixtures of dehydroascor- 
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bic acid and ninhydrin give no precipitate of hydrindantin. The experi- 
ments outlined below seem to indicate that the carbon dioxide arises from 
the decomposition of dehydroascorbic acid, presumably by decarboxylation 
after hydrolysis of the lactone bridge. 

The amount of carbon dioxide evolved after oxidation of ascorbic acid 
by ninhydrin was determined as follows: The ascorbic acid and ninhydrin 
were dissolved in 25 ml. of water and placed in a vessel arranged for the 
passage of gas through the solution. The vessel containing the mixture 
and a similar one containing water were connected and placed in a water 
bath at constant temperature. A stream of purified hydrogen was bubbled 
first through the vessel containing only water, next through the ninhydrin- 
ascorbic acid mixture, and then through concentrated sulfuric acid, drierite, 
and a weighed tube of ascarite in succession. The ascarite tube contained 
a layer of drierite after the layer of ascarite. Evolved CO, was swept into 
the ascarite tube and weighed. Known solutions of carbonate were acidi- 
fied in the reacting vessel and theoretical recovery of CO, was obtained. 
Care was exercised in all experiments to continue the passage of gas (with 
interruptions for weighing) until the ascarite tube showed constant weight. 

From 0.60 mo of ascorbic acid treated with 2.30 mm of ninhydrin (excess) 
at 60° 0.65 mM of CO, was evolved in 26 hours. 

From 1.18 mm of ascorbic acid (excess) and 1.13 mm of ninhydrin 0.54 
ma of CO, was given off in 26 hours. When mixtures were held at 30°, 
evolution of COQ, was only one-third complete in 24 hours. 

Solutions of dehydroascorbie acid were prepared by exact titration of 
ascorbic acid with iodine, and carbon dioxide evolution was determined at 
60° as above. From 0.58 mm of dehydroascorbie acid 0.50 mm of CO, 
was obtained in 24 hours and 0.59 mM in 72 hours, at which time evolution 
of the gas had ceased. In another experiment 1.52 mm of dehydroascorbic 
acid gave 1.53 mm of CO, in 58 hours. 

The decarboxylation of dehydroascorbie acid presumably involves 
hydrolysis of the lactone bridge followed by loss of carbon dioxide and 
production of /-xylosone, as shown in the accompanying formulas. 


O=—=C COOH 
| H—C=0 
C=O C=(— | 
O C=O 
C=0 C=O 
+ HOH — — H—C—OH + CO, 
H—C H—C—OH | 
HO—C—H 
HO—C—H HO—C—H 
CH,OH 
CH,OH CH,OH 
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LOS NINHYDRIN AND ASCORBIC ACID REACTION 


Preliminary observations showed the presence of a substance which 
reduces cold Benedict’s solution in solutions of dehydroascorbic acid that 
had evolved carbon dioxide and from which hydrogen iodide had been 
removed with silver carbonate. These solutions did not reduce indopheno] 
after treatment with hydrogen sulfide, indicating the absence of dehydro- 
ascorbic acid. An attempt is being made to characterize the substance, 

The decarboxylation of dehydroascorbic acid undoubtedly plays a part 
in the destruction of the compound in solutions at ordinary temperature, 
It appears reasonable to suppose that at least a part of the metabolism of 
ascorbic acid in the body involves oxidation to dehydroascorbic acid fol- 


lowed by decarboxylation. 
SUMMARY 


1. Ninhydrin readily oxidizes compounds containing the endiol group. 
2. Ninhydrin oxidizes ascorbic acid to dehydroascorbic acid, which then 
loses a molecule of carbon dioxide, presumably through decarboxylation. 

3. The decarboxylation of dehydroascorbic acid is undoubtedly partly 
responsible for the instability of solutions of the compound. ‘The metab- 
olism of ascorbic acid in the body may, in part, involve oxidation to dehy- 
droascorbic acid followed by decarboxylation. 
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A MICROBIOLOGICAL METHOD FOR THE DETERMINATION 
OF p-AMINOBENZOIC ACID 


By MAURICE LANDY anp DOROTHY M. DICKEN 
(From the Research Laboratories, the S. M. A. Corporation, Chagrin Falls, Ohio) 


(Received for publication, September 2, 1942) 


The discovery by Woods (1) of the antisulfonamide activity of p-amino- 
benzoic acid, the finding by Rubbo and Gillespie (2, 3) of its essential 
nature for the growth of Clostridium acetobutylicum, and the reports of 
Ansbacher (4) and Martin and Ansbacher (5) of its function as an animal 
vitamin have combined to make p-aminobenzoic acid the subject of ex- 
tensive investigation (6-13). 

Because of the growing biological importance of p-aminobenzoic acid, 
a method for its quantitative determination is desirable. In spite of 
much experimental work there is no immediate prospect that p-amino- 
henzoic acid can be measured by either chemical or animal assay. It 
therefore appears probable that microbiological methods will have to be 
relied upon. 

The development of the microbiological assay method reported here is 
based on the studies of Underkofler, Bantz, and Peterson (14) on the 
nutrition of Acetobacter suboxydans. Their findings were extended in this 
laboratory (15) and additional information obtained on the nutrition of 
thisorganism. From this was developed a simple, accurate microbiological 
assay for the determination of p-aminobenzoic acid. 


EXPERIMENTAL 


Organism—The test organism employed is Acetobacter suborydans,’ 
which is carried on yeast extract-glycerol-agar (16) (0.5 per cent Bacto- 
yeast extract, 5 per cent glycerol, pH 6). Stock cultures are transferred 
at monthly intervals and are refrigerated in the interim. Inoculum for 
assays is prepared by transfer from thestock culture to a flask of the basal 
medium (Table I) to which has been added 0.05 y of p-aminobenzoic acid. 
The inoculum culture is incubated at 30° for 24 hours prior to use and is 
transferred daily from the preceding liquid cultures, being returned to a 
stock culture at weekly intervals. 

Basal Medium—-The composition of the basal medium is given in Table I. 
This formula is twice the desired final concentration. All chemicals em- 


1 Cultures of this organism may be obtained from the American Type Culture 
Collection, Georgetown University Medical School, Washington, where it is listed 
as No. 621. 
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ployed are of the highest purity. Smaco “‘vitamin-free”’ casein hydrolysate? 
is sufficiently free of p-aminobenzoic acid to serve as the source of nitrogen, 
The reaction of the medium is adjusted to pH 6.0 + 0.1. The resulting 
basal medium may appear opalescent or cloudy. It is desirable to filter 
the medium through hardened filter paper, Filter Cel, or Seitz E. K. pad 
to avoid formation of a precipitate during autoclaving. 

Assay Procedure—5 cc. of basal medium and dilutions of material under 
test made up to 5 cc. with distilled water are placed in 50 cc. Erlenmeyer 
flasks.* Similarly, a set of reference flasks is prepared containing from 
0.01 to 0.1 y of p-aminobenzoic acid. Blanks containing no p-amino- 
benzoic acid are included. The flasks are plugged with cotton and auto- 
claved at 15 pounds pressure for 15 minutes. After cooling they are 
inoculated with a suspension of Acetobacter suboxrydans. A 24 hour culture 


TABLE I 


Basal Medium for p-A minobenzoic Acid Assay (Undiluted) 


Casein hydrolysate 0.6 gm 


Glyce rol 10.0 
Tryptophane 20 mg 
Cystine 15 
KoHPO, 100 
KH,PO, 100 “« 
MgS0O,-7H.O 10 
NaCl 9 « 
FeSO,-7H.O 9 « 
MnS0O,-2H.0 9 
Calcium pantothenate 1M) 
Nicotinic acid mM) 
Distilled water to 100 ee. 


pH adjusted to 6.0 


grown as described above is centrifuged and washed twice in 10 ec. of 
sterile saline solution. The washed cells are resuspended in 15 ee. of saline 
solution. 1 drop (approximately 0.05 ec.) of the resulting suspension 
per flask serves as the inoculum. The flasks are incubated at 30° for 
tS hours. Following incubation, 10 ce. of water are added to each 
flask to dilute the culture suitably for measurement of turbidity and the 
contents are thoroughly mixed by shaking. Growth response to incre- 


2 This purified casein hydrolysate may be obtained from the Research Labora- 
tories, S. M. A. Corporation, Chagrin Falls, Ohio. Several other purified casein 
hydroly sates have also been found satisfactory. 

icetobacter suborydans is an obligate aerobe. Small Erlenmeyer flasks (50 ec.) 
permit heavier growth of 10 cc. cultures than do the usual bacteriological culture 


tubes. 
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ments of p-aminobenzoic acid is shown in Fig. 1 and is determined by 
measurement of turbidity with a photoelectric colorimeter. Such a 
standard curve is constructed by plotting the colorimeter readings against 
the concentration of p-aminobenzoic acid. The p-aminobenzoic acid con- 
tent of material under test is then read from the standard curve. Samples 
are tested at dilutions which permit calculation of results at several levels 
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Fic. 1. Growth response of Acetobacter suboxydans No. 621 to p-aminobenzoic acid 


TABLE II 


p-Aminobenzoic Acid Content of Vaterials at Varying Assay Levels 


Yeast extract Urine Peptone 
. 

An yun p-An t acid —- p-Aminobenzoic acid Aaemeet one p-Aminobenzoic acid 
flask Found Content | ***? —_ Found Content | **** feck Found Content 
mi per em ‘ Y y per cc. meg. Y y per gm. 

0.75 0.025 33 2.0 0.025 0.012 10 0.015 0.375 

0.50 0.018 37 1.5 0.019 0.012 30 0.012 0.399 

0.25 0.009 36 1.0 0.013 0.013 20 0.008 0.400 
Average 35.3 0.012 0.391 


of the curve within accurate assay limits. The final value is an average 
obtained from the figures yielded at various levels (Table II). The extreme 
upper and lower portions of the curve are not reliable for assay work, and 
only that portion of the curve which is linear is used for the calculation 
of assay values. 

Preparation of Sample for Assay—Materials which are soluble in water 
are assayed without further treatment. Insoluble materials such as food- 
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stuffs, grains, and animal tissues are finely divided, extracted with 10 to 
20 volumes of water at 15 pounds pressure for 30 minutes, and centrifuged 
or filtered. Such treatment has yielded maximum assay values. Body 
fluids require special handling, since many were found to inhibit growth 
of the test organism. The inhibitory action of blood, spinal fluid, aseitie 
fluid, and urine is readily overcome by autoclaving. To illustrate, blood 
is prepared for assay as follows: The sample is laked with an equal volume 
of distilled water and autoclaved. 3 volumes of water are added to the 
autoclaved blood while hot, and the sample shaken for several minutes to 
disperse and extract the protein precipitate. The suspension is centrifuged 


TABLE III 


p-Aminobe nzoic Acid Content of Various Vate rial 


Brewers’ yeast, per gm 102 
Yeast extract (Bacto), per gm. 10 
Rice bran concentrate, “‘ ce .9 
Liver extract (Lilly, No. 343), per gm 5.0 
Fresh calf liver, per gm ().2 
Meat extract, per gm 1.3 
Peptone, per gm. 0.4 
Blood (human), per ce 0.035 
Spinal fluid (human, 37 pooled), per ce (0.25 
Urine, per e 0.015 
Cow’s milk, per ce 0.15 
Wheat germ, ‘* gm 1.0 
Alfalfa meal, “* * 2.0 
Corn-meal, per gm . 0.3 
Molasses, ~ € 0.01 
Rolled oats, per gm 0.33 
0.52 


Wheat middlings, per gm 


and the supernatant filtered to give a clear extract suitable for assay. 
Other body fluids may be prepared for assay by the above procedure. 
They do not show inhibition and give assay values in good agreement at 
various levels. 

Occurrence of p-Aminobenzoic Acid—The distribution of p-aminobenazoie 
acid in various foodstuffs is indicated in Table III. While only a limited 
number of materials have been assayed, it is apparent that p-aminobenzoie 
acid is widely distributed. This distribution is, in general, similar to that 
exhibited by the various B vitamins. Compared with other materials 
assayed, brewers’ yeast is by far the richest source of p-aminobenzoic acid. 
All body fluids examined contained appreciable amounts of p-aminobenzoic 
acid. The presence of p-aminobenzoic acid in liver extract, fresh liver, 
and meat extract indicates its probable presence in most body tissues. 
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Specificity of p-Aminobenzoic Acid—In order to test the specificity of 
the growth response of Acetobacter suboxydans to p-aminobenzoic acid, a 
group of compounds either derived from or related to p-aminobenzoic acid 
was quantitatively assayed for growth support of Acetobacter suboxydans. 
The activity of these p-aminobenzoic acid derivatives and related com- 
pounds is given in Table IV. In no instance was the activity found com- 
parable to that of p-aminobenzoic acid. Substitution, whether in the 
amino or carboxy! group, sharply reduces or completely removes biological 
activity. Compounds referred to in Table IV as inactive either support 


TaBLe IV 
Activity of p-Aminobenzoic Acid Derivatives and Related Compounds* 


Compound p-Aminobenzoic acid activity 
per cent 
p-Aminophenylacetic acid , 5 eth ae are elie ee 1.6 
p-Aminoethyl benzoate Me ee, ee oe 0.06 
p-Aminophenylglycine ; ee eee ar Inactive 
p-Acetaminobenzoic acid................. i - 
p-Aminobenzoyldiethylaminoethanol..................... 2.0 
p-Nitrobenzoylglycinef. . . plats ian tigen aver aaa 0.35 
p-Chloroacetylbenzoylglycinef...................cceceees 0.20 
PETE Cer OTE OE Te P 0.04 
pGiycylaminobensoic acidf.................ccccccccccees 9.0 
o-Aminobenzoic acid - 5 eb NEN Sede omc ke Inactive 
ce 


m-Aminobenzoic ‘ hahaa < S leres op 6: chs boia- a eaten aa 
NN IE ere ee ore ree por 
o-Aminobenzoylformic anhydride......................++. 
o-Hydroxybenzoic acid Perr ee er ere es 


* p-Aminobenzoic acid is considered to have 100 per cent activity. Solutions of 
the various compounds were sterilized by filtration through Seitz filters. 

t These compounds were kindly supplied by Dr. D. W. Woolley, the Rockefeller 
Institute, New York. 


growth of the test organism only in large concentrations (1000 or more times 
that of p-aminobenzoic acid) or have no demonstrable activity. The 
majority of the derivatives has activity of such slight degree as to be of no 
practical importance in microbiological assay of p-aminobenzoic acid. 

Accuracy of Assay—p-Aminobenzoic acid added to various test materials 
isrecovered in a range of 90 to 105 percent. This together with the agree- 
ment of assay values calculated from different dosage levels of test samples 
(Table II) is indicative of the accuracy of the method. As computed 
from recovery tests and values obtained from different quantities of test 
samples the accuracy of the method seems comparable to that exhibited 
by most microbiological methods; viz., +15 per cent. 
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Remarks 


The proposed microbiological assay for p-aminobenzoic acid meets the 
requirements of a satisfactory assay method since (a) no growth oceurs 
in the basal medium in the absence of p-aminobenzoic acid. The basal 
medium does, however, support good growth when p-aminobenzoie acid 
is added, the quantity of growth so obtained being equivalent to that 
obtainable with natural products. (b) Assay values obtained with small 
amounts of test material are in good agreement with those obtained by 


the use of larger supplements. (c) It is possible to recover accurately 
any known amount of p-aminobenzoic acid which has been added to the 
product under examination. (d) p-Aminobenzoic acid supplied in large 
excess is not inhibitory. (e) Compounds related to or derived from p- 


aminobenzoic acid have little or no biological activity, indicating that the 


method possesses a high degree of specificity . 
SUMMARY 


A rapid, accurate, and specific microbiological assay method for the 
determination of p-aminobenzoic acid has been developed based upon the 
growth response of Acetobacter suboxydans to p-aminobenzoic acid. 


The authors are greatly indebted to Professor L. A. Underkofler for 
his kindness in supplying information on the nutrition of Acetobacter 


suboxrydans. 
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THE QUANTITATIVE DETERMINATION OF FACTOR V BY 
MEASUREMENT OF NITRITE PRODUCED BY 
HEMOPHILUS INFLUENZAE 


By CHARLES L. HOAGLAND anp 8. M. WARD 
(From the Hospital of The Rockefeller Institute for Medical Research, New York) 


(Received for publication, September 3, 1942) 


The V factor content of animal tissues became of interest to workers in 
the field of nicotinic acid metabolism following the discovery by Lwoff 
and Lwoff that either coenzyme I or coenzyme II could replace this factor 
in the metabolism of Hemophilus influenzae and Hemophilus parainfluenzae 
1). Recently a report that nicotinamide nucleoside, a component of 
coenzyme, can also function as the V factor has appeared (2). 

Some success has attended the use of influenza bacilli in the determina- 
tion of the V factor by measurement of the growth stimulus which is 
afforded these organisms, in appropriate culture media, by the introduction 
of material containing the factor (1, 3). The technique suffers marked 
limitation, however, in that it depends on turbidity as an indication of the 
extent of growth of the test organism, an index which may be completely 
unreliable in those instances in which insoluble or deeply pigmented 
materials containing the V factor have been added to the culture media. 
On the other hand, if non-bacterial turbidity and interfering pigments are 
avoided by preliminary extraction of the V factor, such extraction may be 
incomplete and may result in partial destruction of the factor, which in 
its reduced state is extremely labile and is affected by the concentration 
of dilute acid employed in the extraction process (4, 5). Measurement of 
the end-point of growth of Hemophilus influenzae with increasing dilution 
of the test material, according to the method of Vilter, Vilter, and Spies 
6), is not suited for studies when determination of the V factor in absolute 
units is desired (7) 

In certain microbiological methods of assay, considerable success has 
followed the use of a stable metabolite, such as lactie acid, in lieu of turbid- 
ity, as a measure of the growth of the test organism (8). In a study of 
the metabolic products of the influenza bacillus we have found that the 
property of nitrate reduction exhibited by this organism (7) can be em- 
ploved readily and successfully as a quantitative expression of its metabolic 
activity, and that the nitrite produced in a standard medium can be used 
reliably as a measure of the V factor content of added test materials. More- 
over, the sensitivity of the method used for the quantitative determination 
of nitrite permits the performance of the test on such small aliquots of 
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culture material that turbidity or color resulting from added test substances 
does not appreciably interfere. In this technique preliminary extraction 
of the V factor is unnecessary, and simplification of the procedure is 
achieved by adding test material, obtained with sterile precautions, di- 


rectly to the standard medium. 


Materials and Methods 


Preparation of Media—Media proposed by various workers for the 
growth of Hemophilus influenzae were tested. The medium found best 
for the quantitative determination of the V factor was composed of 2.0 
per cent Difco proteose-peptone, 0.6 per cent sodium chloride, and 0.2 
per cent sodium or potassium nitrate as a source of nitrite. The media 
were autoclaved for 20 minutes at 116° and autoclaved rabbit, sheep, or 
human blood was added after sterilization in a concentration of | per cent. 

Preparation of Inoculum—Standard inocula were prepared in 5 ee, 
of a stock broth composed of 2.0 per cent proteose-peptone, 0.6 per cent 
sodium chloride, 0.1 mg. of autoclaved hemin, and 0.06 y of purified 
coenzyme as the V factor. Nitrate was omitted in order to prevent 
transfer of nitrite with the inoculum. Organisms carried on heated blood 
agar by weekly transfers were inoculated into a tube of stock broth and 
incubated overnight at 37°. After three transfers in stock broth the 
organisms were ready for use. When 0.1 cc. of such a culture was inocu- 
lated into 10 cc. of medium, no multiplication or reduction of nitrate 
occurred unless the medium contained V factor. 

A number of strains of Hemophilus influenzae have been used in the 
development of this technique. Although strains were found to differ 
markedly in the rate and total amount of nitrite produced in a given 
medium, when the same strain was used for the production of a standard 
curve and the determination of the V factor content of a given test material, 
results were obtained which checked closely with determinations of the 
V factor made with other strains. 

Preparation of Coenzyme Standard—Coenzyme I, suitable for establish- 
ing V factor curves, was prepared from yeast by the method of Williamson 
and Green (9). A solution containing 1.5 mg. per cc. of a preparation of 
coenzyme previously dried to constant weight was passed through a 
Berkefeld filter. An aliquot of the sterile filtrate was set up in various 
dilutions, and, by means of the technique described, compared with a 
standard sample of coenzyme kindly supplied by Dr. B. J. Jandorf of the 
Department of Biological Chemistry, Harvard Medical School. The 
activity of this preparation had been previously determined enzymatically 
by comparison with a sample of coenzyme of which the purity had been 
established by analysis for phosphorus and by measurement of the extine- 
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tion coefficient at 3400 A. following reduction with dithionive. The filtrate, 
standardized by the nitrate reduction technique, was diluted to contain 
15 y of coenzyme per ec., delivered aseptically in 0.5 ce. quantities into 
sterile tubes, frozen and dried in vacuo, and stored in a desiccator over 
calcium chloride at 0°. Frequent assays have demonstrated that coenzyme 
preparations treated and stored in this manner are stable for many months. 


EXPERIMENTAL 


Determination of Nitrite Produced by Hemophilus influenzae—For the 
determination of nitrite the technique devised by Shinn (10) has been 
found very satisfactory. In this method the color produced by the diazo- 
tization of sulfanilamide and subsequent coupling of the diazotized com- 
pound to N(1-naphthyl)ethylenediamine is a measure of the nitrite in 
the reaction mixture. From a 1.0 ec. pipette 0.1 ec. of the culture was 
delivered into a colorimeter tube containing 8.5 cc. of water. The interior 
of the pipette was then washed two to three times with small quantities 
of the material in the tube to insure complete delivery. This was followed 
successively by 1.0 ec. of 0.2 per cent sulfanilamide, 0.2 cc. of 0.1 per cent 
N(1-naphthyl)ethylenediamine dihydrochloride, and 0.2 ec. of 6 N hydro- 
chloric acid. The deep red color which developed upon coupling of 
diazosulfanilamide with N(1l-naphthyl)ethylenediamine was maximum 
within 15 to 20 minutes and was stable for at least 24 hours. The color 
intensity was read in a photoelectric colorimeter with Filter 520 (maximum 
transmission ). 

Coenzyme Standard Curve—Six concentrations of sterile coenzyme, 0.0, 
0.0075, 0.01, 0.025, 0.03, and 0.0375 y, respectively, were added in triplicate 
to 9 ec. of media described above in 50 cc. Erlenmeyer flasks, and sufficient 
sterile water added to bring the volume to 10 cc. The flasks were next 
inoculated with 0.1 ec. of the standard culture of Hemophilus influenzae 
previously described and incubated for 48 hours at 37°. 0.1 ec. of the 48 
hour culture was then added to 8.5 ec. of water and the nitrite determined 
as described above. 

The range of nitrite concentration which can be determined by diazotiza- 
tion and production of color by coupling is a narrow one. This technical 
limitation is further increased by the fact that the amount of nitrite pro- 
duced by Hemophilus influenzae is relatively great for small increments 
of coenzyme. For these reasons it has been found best, in most instances, 
to limit the amount of culture taken for nitrite analysis to 0.1 ce. How- 
ever, with certain strains of Hemophilus influenzae which reduce nitrates 
less effectively, 0.2 to 0.5 ec. of the culture media may be required for an 
accurate nitrite determination. When 1 cc. or less of the medium is 
taken for analysis, even great turbidity of the culture medium due to 
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added test material does not interfere significantly with the photoelectric 
determination of color intensity. 

Although standard curves of the nitrite produced with a given strain 
of Hemophilus influenzae are fairly constant from day to day, enough 
variation occurs to make it necessary to set up a new series of standards 
for each set of coenzyme test materials. Since Hemop! Us influenzae 
responds indifferently to coenzyme I and coenzyme II (11), determinations 
of the total V factor have been expressed i 
are recorded the results of a typical standard curve obtained by plotting 


1 terms of coenzyme I. In Fig. ] 


photometric density of color obtained from the nitrite produced by Hemo- 
philu influenzae in a standard medium against ine ‘ments of add d coen- 


zyme I. 


Fic. 1. Production of nitrite by He mophilus nfluenzae in response to increments 


of coenzyme In & me dium free of V factor 


Preparation of Blood for \ Factor Determination Blood was drawn 
test-tubes containing ammonium 
and potassium oxalates in the proportions sugges ed by Wintrobe (12). 
sterility and dried in the 


under sterile precautions into sterile 


The solution of oxalates was filtered to insur 
tubes at 65° before use. Preliminary dilution and laking of freshly drawn 


limetrie 0.5 ce. pipette carefully wiped free 


blood were performed with a vo 


of blood on the outer surface with sterile gauze and rinsed into 4.5 ee. of 
sterile water. From this 1:10 dilution further dilutions were made. 
Amounts of diluted hlood representing usually 0.005 to O0.OO1 e Ol whole 
blood were added to 9 ec. of media, in duplicate flasks, and as a rule a 
second series of similar dilutions was prepared and set up in the same 
manner. The volume of media and test material was brought to 10 ee. 


with sterile water and the flasks were inoculated with 0.1 ec. of the stand- 


ard inoculum and incubated for 48 hours. At the end of the incubation 


period, 0.1 ec. of each culture was mixed with 8.5 ee. of distilled water 
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according to the manner described for the preparation of the standard 
coenzyme curve and the nitrite determined colorimetrically. The V 
factor content of the blood dilution was read directly from the standard 
eurve and expressed finally as micrograms of coenzyme per cc. of erythro- 
eytes. The erythrocyte volume was determined on an aliquot of 1 ee. 
of blood in a Wintrobe hematocrit tube (12). Previous methods for the 
microbiological determination of coenzyme have called for the heating of 
laked blood before it is added to the media. In this study the results of 
a number of experiments have shown that heating the blood to 85° caused 
no change in the growth response of Hemophilus influenzae; hence was 
considered unnecessary. 

Recovery Experiments with Known Concentrations of Coenzyme—In 
Table I are given a number of values obtained when known amounts of 
coenzyme I were added to media containing blood with previously deter- 
mined V factor content. The close agreement between the expected and 


TaBLe | 
Quantitative Recovery of V Factor 


The results are measured in micrograms. 


Tots bp ty blood Coenzyme I added Total V factor expected Total V factor observed 
0.037 0.023 0.060 0.060 
0.028 0.023 0.051 0.050 
0.019 0.023 0.042 0.039 
0.012 0.015 0.027 0.030 


observed values for the V factor concentration under these conditions 
shows that the method may be applied not only to the V factor concentra- 
tion in blood, but to the standardization of coenzyme preparations as well, 
when a coenzyme standard of known purity is available for comparison. 

V Factor Concentration in Normal Blood Values for the V factor content 
of normal erythrocytes are given in Fig. 2. Most values have fallen be- 
tween 50 and 70 y of V factor, expressed as coenzyme I, per ec. of red cells, 
although a few values as low as 40 y have been obtained in individuals, 
who, from lack of history and clinical signs to the contrary, were considered 
normal. A survey of a fairly wide range of diseases, including amyotrophic 
lateral sclerosis, cardiac decompensation, cirrhosis of the liver, hypo- 
thyroidism, hypertension, lupus erythematosus, nephritis, pneumonia, 
theumatie fever, scarlatina, and thyrotoxicosis, has revealed no con- 
sistent deviation from this range. Vilter, Vilter, and Spies, by another 
technique (6), have reported low V factor values in pellagra, diabetic 
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acidosis, and leucemia. Studies of the V factor concentration in the blood 
and tissues of pellagrins will appear in a later communication. 

V Factor Concentration in Blood Following Ingestion of Nicotinic Acid 
and Nicotinamide—Increased erythrocyte concentration of the V factor 
following the ingestion of nicotinic acid has beén reported by Kohn (3) 
and by Axelrod and associates (13). With the nitrate reduction technique 
a marked increase in the concentration of V factor in blood, following the 
ingestion of nicotinic acid, has been consistently observed. Three persons, 
whose diets for several months had been adequate in nicotinic acid, were 
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Fig. 2. The range of concentration of V factor in normal blood 


15 2 25 0 5 40 45 50 


Days 


Fic. 3. Increased concentration of V factor in blood following the daily ingestion 
of 20 mg. of nicotinic acid per kilo of body weight. 


placed on large daily doses of nicotinic acid, amounting to approximately 
20 mg. per kilo of body weight per day. Within 48 to 72 hours a marked 
rise in blood V factor was observed in each case. A curve for one of these 
individuals, covering a period of nicotinic acid ingestion of 25 days, is 
reproduced in Fig. 3. 

For purposes of comparing the response of blood V factor to nicotinamide 
with that observed following nicotinic acid ingestion, three other normal 
individuals were given 20 mg. of nicotinamide per kilo of body weight per 
day and the concentration of blood V factor followed for 15 days. No 
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appreciable rise in blood V factor was observed. At the end of this period 
nicotinamide was stopped and 20 mg. of nicotinic acid per kilo of body 
weight per day begun. A prompt rise in blood V factor was observed. 
The results of this experiment are recorded in Fig. 4. The lack of V factor 
increase in the blood following the ingestion of nicotinamide is quite sur- 
prising in view of the fact that nicotinic acid and nicotinamide are regarded 
as equivalent in the prevention of nicotinic acid deficiency states and in the 
treatment of the deficiency when once induced (14). Further work is 
required before the significance of this observation can be properly assessed 
and related to the total pattern of nicotinic acid metabolism. The possi- 
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Fic. 4. Increased concentration of V factor in blood following the ingestion of 
nicotinic acid after a period without change during the ingestion of nicotinamide. 


bility that separate metabolic pathways for the two compounds exist 


must be entertained. 


SUMMARY 


The nitrite produced by Hemophilus influenzae in a basal medium con- 
taining sodium or potassium nitrate can be used as a quantitative measure 
of the V factor content of added blood, provided all other essentials for 
the growth of this organism are present in optimal concentration. 

With this technique, the V factor content of normal human erythrocytes 
has been shown to fall between 40 and 70 y per ec. expressed as coen- 
zyme I. 

The ingestion of nicotinic acid produced an immediate rise in V factor 
concentration in the blood of normal individuals. Nicotinamide, on the 
other hand, ingested in equivalent quantities, produced no appreciable 
change in the concentration of V factor in the blood. 

The possibility that separate metabolic pathways for nicotinic acid and 
nicotinamide exist is being further investigated. 
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THE CHEMICAL DETERMINATION OF TOCOPHEROLS 
IN MUSCLE TISSUE 


By HENRY B. DEVLIN* anno H. A. MATTILL 


(From the Biochemical Laboratory, State University of Iowa, Iowa City) 
(Received for publication, September 15, 1942) 


Aside from its importance in reproduction tocopherol (vitamin E) is 
essential in maintaining the structural and functional integrity of skeletal 
muscle in certain species of animals. The method of biological assay with 
female rats is in itself evidence that the amounts of tocopherol required 
for the latter purpose are smaller than those needed to prevent reproduc- 
tive failure; this was also indicated by the early observations of Ringsted 
1). Inasmuch as the time-consuming and expensive biological assay has 
a wide range of variability (2), its successful application to the determina- 
tion of the still smaller amounts of tocopherol associated with muscle 
function assumes statistical proportions. Without quantitative informa- 
tion on the tocopherol content of muscle under various conditions a proper 
appreciation of its réle cannot be achieved. 

Several chemical methods (3-6) and two physical methods (7, 8) have 
been proposed for the quantitative determination of tocopherol. Although 
used chiefly to measure the content of oils and oil concentrates (9, 10), 
some of these chemical methods have, on occasion, been employed, either 
in their original or in modified form, to estimate the amount of tocopherol 
in tissues, blood serum, urine, and feces. 

A review of these methods indicated that the colorimetric procedure of 
Emmerie and Engel (3) which has recently been applied to human serum 
11) is the most sensitive and that perhaps it could be applied to muscle 
tissue. ‘The destructive effect of even mild saponification (12) was con- 
firmed; saponification should therefore be avoided if possible, since it 
does not accomplish the removal of the principal interfering substances, 
vitamin A and carotene. Correction is made for them by indirect methods 
which are long and not entirely satisfactory. They have been removed 
by adsorption on floridin XS but in our hands! this adsorbent proved to be 
less specific than its proponents recommended it to be (13), even with pure 


* The experimental data are taken from a dissertation submitted by Henry B. 
Devlin to the Faculty of the Graduate College of the State University of Iowa in 
partial fulfilment of the requirements for the degree of Doctor of Philosophy, July, 
1942. 

‘Various adsorbents were kindly supplied by the Floridin Company, Warren, 
Pennsylvania. 


123 











124 TOCOPHEROLS IN MUSCLE 


solutions; the requirements of an adsorbent might reasonably be mor 
demanding with a muscle extract than with an extract of serum. 

At this stage of the study several aids became known. One of these wags 
the Parker and McFarlane procedure (14) in which the double bonds whieh 
reduce ferric ion are destroyed by 85 per cent sulfuric acid. When this 
was applied to pure solutions of tocopherol, there was no loss. 

Another valuable aid was the Waring blendor for shredding and extraget. 
ing tissue (15). The use of this with an alcohol-benzene solvent and the 
Parker-McFarlane technique gave reasonably repeatable results but the 
large amounts of fat were troublesome especially in vacuum distillation: 
turbidity also interfered occasionally. 

The next advance was the use of the foaming solvent described by Moore 
and Ely (16). Since this solvent gave the highest yield of carotenoids 
from plant material, it was reasonable to expect that it might also accom- 
plish complete extraction of the unsaponifiable material from animal 
tissue, along with a minimum of fat. This expectation was justified by the 
recovery experiments mentioned later. 

When these several modifications were included, two further difficulties 
arose. One was the inconstancy of the colorimeter readings with time 
and the other, more puzzling, was the lack of difference between the 
tocopherol content of muscle from animals on a vitamin E-deficient diet 
and that of muscle from normal animals on stock diet. 

All colorimeter readings showed an increase with time, but with tissue 
extracts of deficient animals the readings increased so rapidly as to be 
meaningless. This could be caused by the presence of additional chromo- 
genic substances in the muscle extracts from deficient animals. 

Morgulis and coworkers (17) had found that dystrophic rabbit muscle 
contained abnormally large amounts of cholesterol; this is also true for 
muscle and brain tissue from vitamin E-deficient rats.2. The question 
arose as to what influence, if any, cholesterol might have on the determina- 
tion of vitamin E. The introduction of a new solvent, glacial acetic acid; 
for the Emmerie and Engel reagent, facilitated the study of this problem. 
With this solvent also the reagent’ becomes insensitive to light and remains 

stable for a long time. Results of experiments on solutions of pure chole- 
sterol can be summarized briefly. Pure cholesterol in Skellysolve E, 
117-127° (SSE), gave increased readings with time after treatment by the 
Parker-McFarlane procedure, whether glacial acetic acid or alcohol was 
the solvent for the reagent, but cholesterol in SSE, without this treatment, 


? Heinrich, M. R., unpublished observations from this laboratory. 
§ Personal communication from Merck and Company, Ine. 
4 250 mg. of ferric chloride and 500 mg. of a,a’-bipyridine in a liter of glacial acetic 


acid. 
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jid not respond to the reagent in either solvent. Mixtures of cholesterol 
and tocopherol in SSE, on addition of the glacial acetic acid reagent, 
showed a time change in color development; when treated by the Parker- 
McFarlane procedure, the color increased rapidly; when not so treated, 
the color rapidly faded to zero. 

The Parker-McFarlane treatment does not remove cholesterol or destroy 
its reactivity with the reagent, but it does bring about a chemical alteration 
in cholesterol as indicated by a pink color produced by the sulfuric acid 
and dispelled by the potassium hydroxide, and by a precipitate appearing 
in treated solutions of cholesterol on addition of glacial acetic acid. Tissue 
extracts, wheat germ oil, and cholesterol solutions after this treatment still 
gave a positive Liebermann-Burchard test for sterols. According to Parker 
and McFarlane (14) the treatment of vegetable oils by sulfuric acid destroys 
the sterols. Apparently the possible complicity of cholesterol in this 
colorimetric determination of vitamin E has not been suspected. 

It was obvious that vitamin E and cholesterol or the related interfering 
substance must be separated before this method could be applied to animal 
tissues. Precipitation of the latter by digitonin was not successful; in 
pure solution a-tocopherol appeared to be destroyed by the procedure. 

Selective adsorption of cholesterol on purified’ super-sorb (florisil) 
accomplished the separation. From pure solutions of tocopherol only, 
recoveries were 94, 98, 102, and 103 per cent, in the presence of cholesterol 
102, 99, 89, and 96 per cent. 

Finally it was discovered that reactive material entered the extracts 
from pure gum rubber tubing and stoppers; when an all-glass system was 
used, repeatable results were obtained. 

The complete procedure as finally used was as follows: From 10 to 25 
gm. of muscle from the hind legs of rats were placed in the blendor with 
approximately 200 ce. of the foaming solvent. After 5 minutes agitation 
the liquid was centrifuged, and the residue subjected to a second, third, 
and fourth treatment; further extraction proved to be unnecessary. Water 
was added to the combined supernatant liquids to about 40 per cent 
alcohol concentration and the mixture was shaken gently. Alcohol was 
subsequently added to break the emulsion. The alcohol-water phase 
was a fine emulsion and contained no chromogenic substances; the pe- 
troleum ether phase plus the four washings, containing the unsaponifiable 
matter, was evaporated to dryness under diminished pressure in the pres- 
ence of nitrogen. The residue was taken up in 15 ee. of benzene’ and two 5 


* As directed by Emmerie and Engel for floridin XS (13). 

* Purified (14) Skellysolve B (SSB) and absolute alcohol in a ratio of 8.5:10; the 
latter was purified by distillation and gave no test with the reagent. 

" Reagent benzene is satisfactory; it gave no test with the reagent. 
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ec. aliquots were individually passed through 30 X 12 mm. adsorption 


columns of purified super-sorb. Each column was washed with four 5 ¢¢. 
portions of benzene, after which the benzene was removed from the fil. 
trates by evaporation on a boiling water bath in a stream of nitrogen, 

One of the aliquots was then treated by the Parker-MeFarlane technique 
as follows: 10 ec. of SSE were added, the solution was transferred to 
glass-stoppered centrifuge tube. 2 ec. of 8&5 per cent sulfuric acid were 
added, and the tube was shaken and then centrifuged for 2 minutes. As 
much as possible of the supernatant SSE solution was decanted into a 
similar tube, 5 cc. of 2 per cent potassium hydroxide were added, and the 
mixture was shaken and then centrifuged for 10 minutes. ‘To 5 cc. of the 
supernatant liquid, containing the tocopherols, 20 ec. of the glacial acetic 
acid reagent were added. 

The other 5 ec. aliquot was prepared simultaneously by adding 5 ee. of 
SSE and 20 cc. of glacial acetic acid reagent. Since appreciable errors 


can be caused by changes in volume, all volatile solve nts, especially the 


SSE. were allowed to come to room tempe rature. \fter the contents were 


mixed, both tubes were read in a Klett-Summerson photoelectric color- 
imeter at 30 minutes. This time was chosen because, when the instrument 
was calibrated, standard solutions of a-tocopherol gave maximum readings 
at 30 minutes. The instrument was adjusted to read zero for a blank, 
Values were read from a calibration curve in the usual manner 

The sulfuric acid treatment was reintroduced because of the more satis- 
factory recoveries secured with it as compared with the use of adsorption 
alone. When synthetic dl-a tocopherol dissolved in SSB was added to a 
muscle sample when this was first placed in the blendor with the foaming 
solvent, and this and the original muscle were carried through the entire 
procedure, the figures for recovery of the added tocopherol (Table I 
averaged only 74 per cent with adsorption alone and 91 per cent when the 
sulfuric acid treatment was also included. The presence in muscle ex- 
tracts of some interfering substance removable by the acid treatment was 
suggested by the appearance of a brown, viscous material at the interface 
between the SSE and the sulfuric acid. Also, with extracts treated only 
by adsorption the readings decreased with time, whereas with extracts 
given both treatments the readings increased with time to a maximum at 
30 minutes as is the case with standard solutions of tocopherol. For so 
extensive a manipulation, the recoveries after double treatment may be 
considered fairly satisfactory, although such recoveries may admittedly 
provide a false sense of precision. The complete analysis of muscle for 
its content of tocopherol requires about 6 hours from the time the musele 
is removed from the animal to the final colorimetric reading. 

Determined by this method, the tocopherol content of muscle from rats 
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on three different régimes is shown in Table II. The only data available 
for comparison are those of Mason (18) obtained by biological assay; the 
amounts found in muscles of animals on dog chow are in fair agreement 
with his. According to Mason’s results 60 gm. of fresh tissue contained 
a mean fertility dose. If this is accepted to be 1 mg. of a-tocopherol (19), 
the a-tocopherol content should be 16.7 mg. per kilo. This comparison 
suffers from the large variation (0.56 to 1.71 mg.) in mean fertility dose 
upon which this calculation depends. From the average figure herein 
obtained, 11.78 mg. per kilo, the mean fertility dose (contained in 60 gm. 
of fresh muscle) becomes 0.706 mg. The comparison also suffers from the 


TaBLe | 
Recovery of a-Tocopherol Added to Muscle Tissue 


: , Tocopherol content -, Tocopherol found Recovery 
Method of purification of muscle sample Tocopherol added inaaeen ber aS € ; a) x 100 
(a) (b) (ce) 
Y Y Y percent 
Adsorption only 44.6 210.0 216.0 81.6 
73.6 270.0 288 .0 79.4 
188.0 220.0 348.0 72.7 
203.8 208 .0 342.0 66.4 
80.6 210.0 231.0 71.6 
Average ; 74.3 
Adsorption and Par 61.4 210.0 270.0 99.3 
ker-McFarlane 121.4 220.0 324.0 92.0 
119.7 208 .0 312.0 92.4 
22.0 210.0 192.0 80.9 
Average ; 91.1 


fact that a-tocopherol is more effective biologically than the 8 and y 
varieties and the dietary sources cannot be expected to contain only 
a-tocopherol. 

Deficient animals (except severely deficient males) differed but slightly 
from normal animals on a dog chow ration in respect to the amount of 
their muscle tocopherols. Mason (18) considers dog chow a suboptimal 
supply, containing only about 4 times the minimum daily requirement. 
Older female animals on a vitamin E-deficient ration appear to retain a 
higher concentration of tocopherols in their muscle tissue than do old 
males. This apparent sex difference in requirement has been discussed 
by Mason (20). In comparison with females, the requirements of male 
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animals may continuously be more insistent; perhaps female animals, jp 
the absence of reproductive demands, can husband their stores more 
economically because of their lower energy exchange. The onset of ex- 
ternal symptoms of deficiency in males (awkward gait and general senility) 
was rapid. No biological assays of muscle from vitamin E-deficient 
animals are available for comparison. 

In agreement with the results of Mason (18) the tocopherol content of 
rat muscle was increased by feeding a diet rich in tocopherol. The dietary 
enrichment was much less extensive, both in amount and duration, than 
Mason’s, and the results are less striking but nevertheless definite. The 


process of muscle enrichment is apparently slow. 


TABLE II 
Lie rage T oc ophe rol Content oO} Rat V usele in Va per K 0 

Extracts treated by Extrac treated by 
o. of rat nd diet diet Adsorption 

N ee eee Adsorption and yen and 
Adsorpt l Parker-McFarlane —— re 
rocedure pe McFarlane 
procedure 

6 9, normal, on dog 10.53 11.78 Males, ex 16.48 17.60 
chow 7. 24-16.34 9 60-13.62 cess vita 15.42" 17.63" 

| * 5-6 mos., vita 13.00 9.35 min | 11.67* 21 .00* 
min E-deficient 10.15-16.40 6 .46-11.00 20.70* | 19.95* 
6 2, over 8S mos., 11.22 9.51 21.95* | 19.80* 
vitamin E-deficient 8.41-12.25 7 .37-12.90 22.40* | 23.00° 
to, 8-10 mos., vita t.04 7.51 21. SOF | 21.00t 

min E-deficient $.16— 5.89 6.21-— 8.53 

Average 1S.63 20.00 


; 


* These animals show the effect of 75 mg. of a tocopherol per week over a period of 


1 to 5 weeks respectively 


7 


+ Received a diet containing 3 mg. of a tocopherol icetate per kilo, over a2 mont! 


period 


The only other chemical determinations of the vitamin E content of 
muscle are those made on the cow and the horse (21). Extracts were 
prepared by saponification, and the potentiometric and colorimetric 
methods both indicated about 5 mg. per kilo. ‘| hose figures are consider- 
ably lower than these given here for normal rat muscle, perhaps due to 
species differences, perhaps to the destructive action of saponification 
which is here avoided. 

The recent observation (22) that a-tocopherol phosphate has an effect 
on vitamin E-deficient muscle slices, in vitro, which tocopherol does not 
have, raises the question whether tocopherol may be present in tissues in a 


combined form not responsive to oxidation by ferric chloride. This would 
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appear unlikely in view of the consistently lower figures that are obtained 
on saponified preparations, presumably due to destruction. Such a situa- 
tion might, however, help to explain the apparent similarity in tocopherol 
content of muscles from normal and from vitamin E-deficient rats. If the 
physiological action of tocopherol involves alterations which are in part 
reversible (23), the functional relations might prove to be of greater 
consequence than the actual amounts present. The physiological and 
chemical aspects of this problem are receiving further study. In any case, 
until a practical method is developed for the separate determination of 
the three tocopherols, the use of this adaptation of the Emmerie and Engel 
method must be confined to experimental animals on synthetic diets 
containing a-tocopherol. 


SUMMARY 

A chemical procedure is described for the determination of tocopherols 
in animal tissues, which makes use of the iron-a,a’-bipyridine color reaction. 
The procedure avoids the destructive action of saponification and includes 
removal of interfering substances, especially of cholesterol, by treatment 
with sulfuric acid and by adsorption. 

As determined by this method, the amounts of tocopherol found in the 
muscles of normal and of vitamin E-deficient rats (except severely de- 
ficient males) were surprisingly alike, averaging 11.8 and 9.4 mg. per kilo, 
respectively. The muscle of old severely deficient males contained slightly 
less tocopherol, 7.5 mg. per kilo. By oral administration of a-tocopherol 
the concentration of this vitamin in rat muscle was slowly increased to as 
much as 20.0 mg. per kilo. 

The significance of these findings and the limitations of the method 
are briefly discussed. 
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THE COMPARATIVE AVAILABILITIES OF d(+)- AND 
l(—)-HISTIDINE FOR THE PRODUCTION OF 
LIVER GLYCOGEN 


By ROBERT M. FEATHERSTONE ann CLARENCE P. BERG 


(From the Biochemical Laboratory, State University of Iowa, Lowa City) 
(Received for publication, August 28, 1942) 


Some years ago Dakin observed that the administration of histidine 
produced too little “extra glucose” in the phlorhizinized dog t» justify 
considering it a glucose former (1). The consequent tendency to classify 
this amino acid as non-glycogenic has since been challenged by the dis- 
covery that the liver contains an enzyme, histidase, capable of convert- 
ing it into /(+)-glutamic acid (2, 3), whose glycogenic character is not 


questioned (4, 5). This and the observation that d(+)-histidine is not 
attacked by histidase (2, 3) led us to test comparatively the capacities 
of (—)- and d(+-)-histidine to promote deposition of liver glycogen in the 


fasted rat. A similar study of /(—)-histidine has recently been published 
by Remmert and Butts (6) who found that rats fed this isomer form liver 
glycogen and show a decreased output of acetone bodies, both after some 
delay. Our data on the formation of liver glycogen from /(—)-histidine 
differ somewhat from theirs. 


EXPERIMENTAL 

The /( — )-histidine used in our studies was isolated as the /(+-)-histidine 
monohydrochloride, from spray-dried blood according to the method of 
Cox, King, and Berg (7), and from blood corpuscle paste by the procedure 
of Gilson (8). The d(+)-histidine was prepared as the d(—)-histidine 
monohydrochloride, essentially as outlined elsewhere (9). Optical rota- 
tions read with an electric sodium lamp on 2 per cent solutions of the 
monohydrochlorides in water containing 1 equivalent of hydrochloric 
acid gave [a], values of +8.50° and —8.50°, respectively (9, 10). Both 
isomers melted at 253-255° (ef. (10)). The /(+)-glutamie acid hydro- 
chloride used for comparative study was the highest purity Eastman 
Kodak Company preduct (m.p. 209-210°). 

Two series of tests were conducted, the first in midwinter, the second in 
late spring. For each, rats of both sexes were obtained from Sprague- 
Dawley, Inc., and maintained on a stock diet of commercial dog chow until 
ready for use. The animals in the first series were fasted for 24 hours 
before the feedings were begun and those inthesecond, for48hours. Their 
weights at the end of the fast ranged between 94 and 150 gm. During 
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the fasting period and the 4, 8, or 12 hours which followed the initia] 
feeding, the rats were housed in individual cages provided with raised 
screen floors and were given continuous access to water and regenerated 
cellulose. Before the feedings were begun, the pans under the cages of the 
rats fed histidine were cleaned and fitted with fresh filter paper to absorb 
the urine voided during the metabolism period. The histidine and the 
glutamic acid were fed by stomach tube in the form of suspensions pre- 
pared by dissolving the hydrochloride of the amino acid in an aqueous 
suspension of gum tragacanth, then adding sodium hydroxide in an amount 
calculated to react with 0.9 of the hydrochloride, and finally exactly enough 
sodium bicarbonate to complete the conversion to sodium chloride. Con- 
trol rats were fed similar gum tragacanth suspensions containing sodium 
chloride in like amount. The animals in the 4 hour groups received only 
the initial dose, those in the 8 hour groups were fed again after 4 hours, 
and those in the 12 hour groups after 4 and after 8 hours. The volumes 
of the dosages were 2 cc. or less. Except when odd numbers of rats were 
employed, each of the several groups was divided evenly as to sex. 

The rats were killed by a blow on the head. The livers were removed 
for analysis in their entirety by an adaptation of the Good, Kramer, and 
Somogyi procedure (11). The gastrointestinal tracts of the animals fed 
l(—)- and d(+)-histidine were prepared for analysis for unabsorbed 
histidine essentially as described by Doty and Eaton (12). Feces elimi- 
nated after the initial feeding were added to the contents of the tracts. 
Aliquots of the deproteinized extracts were analyzed for histidine by the 
highly specific Pulfrich photometer method of Kapeller-Alder (13), essen- 
tially as modified by Conrad and Berg (9). Imidazole, 4-imidazole- 
formaldehyde, and 8-4-imidazolelactic acid did not respond. Preliminary 
tests showed that the method usually accounted for over 95 per cent of 
the varied amounts of histidine added to aliquots of gastrointestinal 
washings prior to deproteinization. No histidine was found in the in- 
testinal washings of any of the rats fed the control suspensions. The 
urine was obtained by washing the cage bottoms, filter paper, and pans 
with hot distilled water. The washings were decolorized with charcoal 
and analyzed for histidine, as above. The second of the two series of 
tests was completed in about a month, an interval shorter than for the first. 
Also in the second, special care was taken to include animals from several 
of the groups in each of the smaller lots fed and analyzed in a single day. 

Average absorption coefficients (rates of absorption in mg. per 100 gm. 
of rat per hour) for each of the 4, 8, and 12 hour groups fed histidine are 
recorded in Table I. Variations among individual rats ranged from 
+3 mg. from the average in some groups to +15 mg. in others. The rates 
of absorption for the 4 hour groups agree rather well, as do also the rates 
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for all but the first of the 8 and 12 hour tests. It is possible that some 
incipient gastrointestinal disturbance, such as we have observed in acute 
form after longer periods in which large amounts of lysine were fed (14), 
may have retarded absorption in these instances. Remmert and Butts 
found even smaller amounts of /(—)-histidine toxic (6). The absorption 
coefficients for l(+)-histidine monohydrochloride, determined in 1 and 2 
hour periods by Doty and Eaton (12), are 78.7 and 57.4 mg., respectively, 


TABLE I 
Absorption, ‘Excretion, and Retention of Histidine by Rats Fed l(—)- or d(+)-Histidine 
after a Fast of 24 or 48 Hours 








aenaas Period after Histidine fedt heen | Average histidine 
Series No.* No. of rats wel ht initial : ne rate of 
S feeding Isomeric absorption | acentien Retention 
form 
gm. hrs. meg. 4 ~4 9 | meg. mg. 
I 10 108 { l(—) 596 77.0 | 45 287 
10 121 8 1017 48.8 | 49 421 
10 114 12 - 1375 44.7 88 522 
6 106 4 d(+) 500 85.5 52 311 
6 105 Ss " 750 67.7 97 469 
6 107 12 a 1000 64.6 161 663 
II 6 105 } l(—) 500 78.2 332 
6 104 S - 750 69.2 45 533 
5 111 12 - 1000 59.0 53 i 719 
3 99 4 d(+) 500 72.5 46 240 
3 107 Ss = 750 62.2 | 182 342 
3 109 12 vs 1000 60.2 210 570 





* Rats in Series I were fasted for 24 hours before the initial feeding, rats in Series 
II for 48 hours. 

+ Rats in the 8 and 12 hour groups were fed initially the same amount of histidine 
is the rats in the corresponding 4 hour group. The difference between this and the 
total for 8 hours represents the amount fed at 4 hours, between the 12 hour and 8 
hour totals, the amount fed at 8 hours. 


t No histidine was found in any of the gastrointestinal tracts of the thirty-seven 


rats fed all of the ingredients of the suspension except histidine. 


when expressed in terms of /(—)-histidine. In our studies conversion of 
the monohydrochloride to the free amino acid and sodium chloride may 
have been responsible for the relatively higher average coefficients of 
78.3, 66.4, and 61.3 mg. obtained in the four 4 hour, three 8 hour, and three 
12 hour periods. Remmert and Butts report coefficients of 51.4 mg. in a 
{hour period and 39.8 in an 8 hour period, but give no details (6). 
Exeretion of histidine was not detected in the rats fed 500 mg. of l(—)- 
histidine, but with a single exception it occurred in all of the other animals. 
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Variations within each group were wide. The d(+) form of histidine 
was the more readily excreted. Since the method of analysis was highly 
specific for histidine, the data afford no information as to total imidazoles 
eliminated. The estimates of retentions therefore serve only to indicate 
maximum quantities of histidine available for metabolism during the 


TABLE II 


De position of Liver Glycoge nin Rats Fed l(—)-Histidine, d(+)-Histidine, or 
L(+ \-Glutamic Acid afte ra Fast of 24 or 48 Hlo irs 


> 
Content of liver glycogen | Content of liver glycogen 
Period in groups fasted 24 hrs in groups fasted 48 hrs, 
Suspension fed “ne sehen ein 
initial 
feeding = inj Maxi- | 4 erage) Mini Maxi- | 4 verape 
mum mum mum mum ge 
Ars percent percent percent) percent percent torent 
1(—)-Histidine* { 0.22 0.57 0.36) 0.77. 1.09 | 0.99 
S 0.22 | 0.85 | 0.47 | 0.87 | 1.67 | 1.00 
12 0.14 | 0.98 | 0.54 | 0.66 | 2.59 | 1.44 
d(+)-Histidine* j 0.04 0.28 0.19 | 0.23 0.59 | 0.46 
8 0.08 0.47 0.23 | 0.57 | 1.36 0.96 
12 0.05 0.12 0.09 | 1.03 1.16) 1.09 
/(+)-Glutamie acidt (274 mg.) j 0.32 1.45 | 0.97 
, (400 “ ) 8 0.99 | 1.72 | 1.8 
(405 “* ) 12 0.96 | 2.28 | 1.8 
Controlt { 0.08 0.39 | 0.19 | 0.22 0.49 | 0.36 
x 0.06 0.28 0.13 | 0.59 O.78— 0.66 
12 0.04 0.28 0.11! 0.51 1.11 | 0.73 


* Consult Table I for the number of rats and the average we ights of the rats fed 
histidine, the amount of histidine fed, and estimates of the amount retained. 

t The glutamic acid fed each of the six rats in each group is indicated in the paren- 
theses opposite the period after initial feeding. The amount was equivalent to the 
average /(—)-histidine retained in a corresponding period by rats in Series I (see 
Table I). The average rat weights in the groups were 107, 107, and 118 gm., respec- 
tively 

t The number of rats and average weights of the rats in the 4, 8, and 12 hour con- 
trol groups of Series I were 5, 7, 7, and 108, 118, and 121 gm., respectively. In Series 
Il each control group contained six animals; in the three groups the average weights 


were respectively 105, 111, and 110 gm 


period. The amounts retained by the individuals in each group varied 
widely 

Table II presents the results of the analyses for liver glycogen. Though 
the responses in the two series of tests differed quantitatively, the data 
from both show definitely that /(—)-histidine promotes the deposition of 
liver glycogen. Statistical evaluation supports this conclusion. In 
each instance comparison of an experimental group with its control group 
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gave a value above 3 for the ratio of the mean difference to the probable error 
of the mean difference. The lag in glycogen production from /(—)- 
histidine indicated by Remmert and Butts (6) was not observed. 

The response to d(+)-histidine was strikizg!v different in both series. 
Statistical comparisons with control groups suggest that only the results 
obtained in the 12 hour period of the second series of tests are definitely 
positive. It seems fair to conclude that d(+)-histidine is much less 
readily converted than /(—)-histidine to liver glycogen. 

The /(+)-glutamic acid was fed in amounts designed to approximate 
the maximum which could have been produced from histidine had all of 
the /(—)-histidine retained been converted by histidase to /(+)-glutamic 
acid. The quantities fed were based on the average retentions of /(—)- 
histidine in corresponding periods in the first series of tests. Although 
the average retentions in the simultaneous studies on /( — )-histidine proved 
to be 16, 27, and 38 per cent greater than thus anticipated, the data seem 
nevertheless to suggest that the rates of glycogen formation from /(+)- 
glutamic acid and /(—)-histidine were of about the same order. Evidence 
of this sort obviously does not prove that the /(— )-histidine was converted 
to liver glycogen via glutamic acid, but it does admit of such an inter- 
pretation. In harmony with that possibility, the less ready conversion of 
d(+)-histidine to liver glycogen may be explained by assuming that its 
obligatory conversion to /(—)-histidine is slow, a likelihood already sug- 
gested by its less efficient promotion of growth (9, 10). 

SUMMARY 

Under similar experimental conditions /(—)- and d(+)-histidine were 
absorbed by the rat at approximately equal rates. The rate of absorp- 
tion per hour was greater in 4 hours than in 8 or 12. d(+-)-Histidine was 
the more readily excreted. 

Appreciable liver glycogen was formed when /(—)-histidine was fed. 
No lag was noted. The deposition when d(+)-histidine was fed was less 
marked and of doubtful statistical significance in all groups of tests ex- 
cept one of the two for a 12 hour period. 

When /(+)-glutamic acid was fed in amounts approximately equivalent 
to the /( — )-histidine retained in similar periods, deposition of liver glycogen 
occurred at about the same rate. The data obtained in these studies 
admit of the possibility that /(+-)-glutamie acid is formed as an inter- 
mediate in the conversion of histidine to liver glycogen. 


BIBLIOGRAPHY 


l. Dakin, H. D., J. Biol. Chem., 14, 321 (1913); Oxidations and reductions in the 
animal body, Monographs on biochemistry, London, 2nd edition, 75 (1922). 
2. Edlbacher, 8., and Neber, M., Z. physiol. Chem., 224, 261 (1934). 











136 


3 
1. 
5 
6. 


8. 

9. 
10. 
if 
12 
13. 
14 


GLYCOGEN PRODUCTION FROM HISTIDINE 


Abderhalden, E., and Hanson, H., Fermentforschung, 16, 274 (1937). 
Lusk, G., Am. J. Physiol., 22, 174 (1908). 


Butts, J. S., Blunden, H., and Dunn, M. S., J. Biol. Chem., 119, 247 (1937). 


Remmert, L. F., and Butts, J. S., J. Biol. Chem., 144, 41 (1942). 
Cox, G. J., King, H., and Berg, C. P., J. Biol. Chem., 81, 755 (1929). 
Gilson, L. E., J. Biol. Chem., 124, 281 (1938). 

Conrad, R. M., and Berg, C. P., J. Biol. Chem., 117, 351 (1937) 
Cox, G. J., and Berg, C. P., J. Biol. Chem., 107, 497 (1934). 


Good, C. A., Kramer, H., and Somogyi, M., J. Biol. Chem., 100, 485 (1933). 


Doty, J. R., and Eaton, A. G., J. Biol. Chem., 122, 139 (1937-38) 
Kapeller-Adler, R., Biochem. Z., 271, 206 (1934). 
Sharp, G. O., and Berg, C. P., J. Biol. Chem., 141, 739 (1941). 








“I 


st 








SOLUBILITIES AND COMPOSITIONS OF THE PHOSPHO-12- 
TUNGSTATES OF THE DIAMINO ACIDS AND OF 
PROLINE, GLYCINE, AND TRYPTOPHANE 


By DONALD D. VAN SLYKE, ALMA HILLER, ann ROBERT T. DILLON 
(From the Hospital of The Rockefeller Institute for Medical Research, New York) 


(Received for publication, September 8, 1942) 


Phosphotungstie acid (which will be designated as PTA) has long been 
used in separations of the amino acids. It was employed by Drechsel (1) 
in the discovery of lysine in casein, and by Hausmann (2), by Osborne, 
Leavenworth, and Brautlecht (3), and by Van Slyke (4-8) for quantitative 
precipitation of the diamino acids, arginine, lysine, and histidine, in protein 
hydrolysates. Cystine was found to be about half changed under the 
conditions of acid hydrolysis to a non-precipitable form (4) although the 
natural / form is precipitable with about the same completeness as histidine. 
The change was shown by Hoffman and Gortner (9) to be racemization, 
dl-cystine forming a more soluble phosphotungstate than that of /-cystine. 

The monoamino acids also form crystalline phosphotungstates. Al- 
though many times more soluble than the PTA salts of the diamino acids, 
some of the monoamino phosphotungstates have been found useful for 
separations of individuals within the monoamino group (10). A nearly 
quantitative separation of alanine from valine has thus been obtained (11). 

The phosphotungstates of the diamino acids, when precipitated under 
the conditions customarily employed with protein hydrolysates (2-8), viz. 
about 1 N HCl or H.SO, and room temperature, have solubilities sufficiently 
great to necessitate corrections for them in accurate quantitative work 

1-6). The effects of varying temperature, acidity, and of coprecipitation 
of the different diamino acids together have, however, not heretofore been 
subjected to a systematic study. It appeared that such a study might 
increase the accuracy of solubility corrections, and perhaps also lead to 
discovery of conditions of precipitation which would make the phospho- 
tungstate separation of the diamino acids from the monoamino group more 
sharp and certain. 


Materials Used 


Phosphotungstic Actd—The PTA used was the 12-acid, and had the 
composition H3PO,-12WO;-7H2O. Wu (12) has given a method for pre- 
paring the 12-acid from tungstie and phosphoric acids. We have, however, 
made our preparations by applying Winterstein’s (13) purification method 
to commercial PTA; the acid is dissolved in water and extracted from the 
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water solution with ether; the heavy ethereal solution which settles below 
the water phase is then washed several times with water, and dried on q 
steam bath. 

Phosphotungstie acid purified in this manner was used by Van Slyke 
in the original distribution method of protein analysis (4-6), and in all 
subsequent work from this laboratory with phosphotungstates. The 
purification seems to separate the commercial PTA into two definitely 
different fractions. The part which goes into the ether is removable there. 
from only to a slight extent by subsequent washings of the ethereal solution 
with water, while the part which remains in the water after the first ether 
extraction is removable from the water to only a slight extent by additional 
extractions with ether. Different commercial preparations of PTA gave 
yields of the ether-soluble fraction varying from 30 to 80 per cent. 

The PTA was analyzed by the following methods. 


Loss of H,O on ignition was determined by the technique of Toennies and Elliott 
(14), the sample being ignited over a Bunsen burner in a porcelain crucible for 10 
minute periods until the weight becomes constant. We confirmed Toennies in finding 
a minimum weight reached sharply after one or two 10 minute ignitions. As found by 
Miolati and Pizzighelli (15), the ignition yields the product HPO;-12WQs. 

As shown by Table I, the analysis indicates a composition of H;PO,-12W0O,-7H,0 
in the preparation dried on a steam bath. Portions dried at 100° in vacuo lost only 
0.25 per cent of the weight, equivalent to 0.5 mole of H,O. In the avidity with which 
water of crystallization is held, the PTA differs markedly from its salts with amino 
acids; at least some of these lose all their water in 30 minutes at 100° in vacuo. 

Equivalent Weight by Titration with Alkali—As shown by Toennies and Elliott (14) 
a slight excess of alkali readily splits the PTA into tungstate and orthophosphate, 
and titration of the products to a pH of 9 forms Na.WO, and Na,HPOQ,, with neutrali- 
zation of 26 equivalents of NaOH per mole of H;PO,-12WQs. 

Samples of about 150 mg. of PTA were dissolved in‘enough 0.1 N NaOH to givea 
permanent red color with phenolphthalein. Then 2 or 3 cc. excess of the NaOH 
was added, and the solution was heated till it began to boil in order to split the phos- 
phate from the tungstate. To the hot solution 0.1 N sulfuric acid was then added 
from another burette until a few drops more than enough to decolorize the phenol- 
phthalein were present. The solution was then boiled for a minute to expel any 
CO, and was titrated with 0.1 Nn NaOH to the color of a standard solution containing 
the same indicator and 100 mg. of Na-HPQ,. 

Tungstic Acid—The tungsten was precipitated with tannin by the method of 
Barber (16), was ignited overnight in a muffle at 600°, and weighed as WQ;. 

Phosphoric Acid—In samples of about 2.5 gm. the PO, was determined as di- 
rected by Wu (12), the PO, being precipitated with magnesia mixture, and the 
precipitate ignited to render adsorbed WO; insoluble. The phosphate is extracted 
from the residue with dilute HCl and reprecipitated with magnesia mixture. We 
followed Treadwell-Hall’s (17) procedure of washing the precipitate with alcohol 
aml ether, drying 20 minutes in vacuo, and weighing as the crystalline MgNH,PO, 
6H,0. 


The results of the analyses are shown in Table I. 
Amyl Alcohol—The amyl alcohol used for extracting phosphotungstie 
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acid from the supernatant solutions was purified by shaking it with 1 n 
HC] to remove nitrogenous bases, and was then distilled at 15 to 20 mm. 
pressure. The middle half of the distillate was used. Even thus purified 
the amyl alcohol added a small but definite amount to the blanks of the 
amino nitrogen determination. For this reason blanks were always deter- 
mined on solutions treated in the same manner as the supernatant solutions 
from the phosphotungstates: A portion of aqueous HCI equal in volume 
and concentration to the supernatant solution was treated with amyl alco- 
hol and ether, concentrated to dryness, and the residue was taken up in 
water and analyzed in the same way as the supernatant solution. 

Amino Acids—The amino acids used were all subjected to elementary 
analysis, and were found free from impurities sufficient to affect the ana- 
lytical figures. All (exeept the glycine) were the natural optically active 


TABLE I 
Analysis of Phosphotungstic Acid Used 


Calculated for 


Analysis Found H3POq-12WO3-7H:0 
per cent per cent 
Loss on ignition to HPO; and WO; 4.78 4.79 
4.96 
4.72 
Equivalent weight by titration to Na,HPQ, 114.6 115.6 
and NasWO, 114.2 
114.8 
WO; content 92.8 92.7 
93.2 
Phosphorus, calculated as P 1.055 1.031 
1.049 
1.036 


isomers, and gave rotations agreeing with those in the literature. Trypto- 
phane, glycine, and cystine were analyzed and used as the free amino acids, 
arginine as the monochloride, and histidine and lysine as the dichlorides. 
These preparations all showed in their phosphotungstates the solubility 
behavior of pure substances. 

The proline was prepared from analyzed proline picrate from hydrolyzed 
gelatin. Although it was entirely free of amino nitrogen determinable with 
nitrous acid, and gave correct figures on elementary analysis, it contained 
impurity enough to make the solubility of its phosphotungstate measured 
by precipitation higher than that by resolution. The impurity was re- 
moved by recrystallization of the phosphotungstate. From the fact that 
the impurity was determinable by the ninhydrin-CO, method but not by 
nitrous acid, it is probable that it was hydroxyproline. 
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TECHNIQUE OF SOLUBILITY MEASUREMENTS 


Approach of Solubility Equilibrium from Both Sides—The solubility data 
on amino acid phosphotungstates in the literature have been based on 
precipitation experiments: the amino acids and phosphotungstic acid have 
been mixed in solution, and, after a longer or shorter time allowed for 
precipitation to become presumably complete, the nitrogen or amino acid 
content of the supernatant liquid has been determined. Such experiments 
may give too high results from two sources: (1) The time allowed for 
precipitation may not be long enough for complete attainment of equi- 
librium. (2) Any nitrogenous impurity in the amino acid preparation used 
would probably remain in the supernatant solution. In the cases of the 
diamino acids, with slightly soluble phosphotungstates, even slight amounts 
of such impurities can greatly increase the apparent solubilities. 

To detect such errors we have approached the solubility equilibrium from 
both sides. The solubilities were first determined by precipitation. Then 
the precipitates, in some cases after recrystallization, were shaken in fresh 
solutions of phosphotungstic acid, and the solubility was determined by 
resolution, by measuring the amount of amino acid redissolved. 

Solubility by Precipitation—Each amino acid was dissolved in aqueous 
HC! of desired concentration, and weighed amounts of phosphotungstie 
acid were added. The mixture was heated until solution was complete, 
and was then cooled to the temperature of the experiment. It was then 
let stand long enough for the amino acid concentration in the supernatant 
solution to reach a constant minimum. 

The volumes and concentrations of the precipitating amino acid solu- 
tions were varied with the magnitude of the solubilities. In the cases of 
lysine, histidine, arginine, and cystine about 200 mg. of each amino acid or 
its hydrochloride were dissolved in 200 ec. of HCI solution of definite 
normality. Glycine, proline, and tryptophane form much more soluble 
phosphotungstate s: so that more concentrated solutions were re quired to 
exceed the solubilities, and less supernatant volume was needed for anal- 
yses. Of these amino acids 10 to 50 mg. per ec. of solvent solution were 
used. and volumes of 10 to 20 ec. sufficed for each ¢ xperiment. 

The amount of phosphotungstice acid added was uniformly calculated to 
provide enough to combine with the amino acid in the ratio of | mole of 
phosphotungstic acid to 3 moles of monoamino acid or 1.5 moles of diamino 
acid (see Table IT), and to leave a desired excess of free phosphotungstie 
acid in solution. Except in experiments in which the free phosphotungstie 
acid was varied, the excess used was calculated to leave 50 gm. (0.0166 
mole) per liter in the supernatant solution. 

The time required for complete precipitation was found to \ ary inversely 


as the solubility. At room temperature arginine and lysine, which form 
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the least soluble phosphotungstates, reach maximum precipitation in a few 
hours, histidine and /-cystine 48 hours, glycine and proline 72 to 96 hours. 

Solubilities by Resolution—The precipitates obtained in the precipitation 
experiments were freed as completely as possible of supernatant solution 
by suction on hardened filter paper, and were resuspended in fresh solutions 
of HCl and PTA. In saturations at 22° the mixtures were shaken mechan- 


Tasie II 
Compositions of Amino Acid Phosphotungstates 


Composition of phospho-| Molecular 
tungstate ratios 
Bs|_ 
Method of drying @ ne G i. \ a 
Group Amino acid , 387 > | HO =| | . pon tee 
ungstate Ton rt Sit | ale 
< & — ola | eles 
oo 5 Sia, | Dia 
Sele] |g 
(c)= <i | 
a (b) | 100— | 
| (a + 5) | 
| —_ 
per cent = | per cent 
. . . » } 7 al € *] 
Diamino Arginine Des. + air | 89.64 | 8.21] 2.15 | 1.51) 3.8 | AsP.-8H,O 
acids Histidine - ia 90.65 | 7.64) 1.71 | 1.47) 3.0 | AsP2-6H:O 
7 t Air 89.24 7.32 3.44 ] 52| 6.2 A;P2-12H,0 
Lysine Des. + air 90.51 | 6.75) 2.74 | 1.47| 4.8 | AsP:-10H,O 
Cystine 88.45 | 8.16) 3.39 | 1 6.1 AP-6H,0 
Mono Glycine 7” S999 7. 10 2.91 3.03 5.2 A;P-5H.O 
amino Proline “ss + air 89.06 | 9.54) 1.40 | 2.68) 2.5 | AsP-2.5H,0 
acids Trypto- os 80.70 |16.81) 2.49 2.94) 4.9 | A;sP-10H.O 


phane 


* Des. signifies dried in a desiccator to constant weight, at 20 to 30 mm. pressure 
over calcium chloride, at room temperature. Des. + air signifies dried as above, then 
permitted to take up water from room air till constant. The amount taken up was 
1.0 to 1.3 per cent. Air signifies that the wet crystals were left 48 hours spread thin 
on a porous plate, protected from dust, but in free contact with room air. 

t+ In the formulae, A represents 1 molecule of amino acid and P 1 molecule of 


H;PO,-12WOs. 
t This histidine phosphotungstate was recrystallized from 0.2 N hydrochloric acid. 


ically for 3 to 5 hours. In experiments at 4° and 38° the mixtures were let 
stand for 24 hours, with occasional shaking by hand. Control experiments 
showed that these conditions sufficed to approach complete saturation. 
The volumes used were the same as for solubility by precipitation, varying 
inversely as the solubilities. 

Recrystallization of Phosphotungstates—When solubilities by resolution 
as described above were lower than solubilities by precipitation, indicating 
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possible impurities in the amino acid preparations used, the phosphotung.- 
states were recrystallized and the solubilities were redetermined by both 
methods. For the recrystallization the phosphotungstates were redissolved 
in hot water, and were reprecipitated with addition of phosphotungstic 
and hydrochloric acids to give the desired concentrations in the supernatant 
solutions. 

Solubility determination proved to be a more sensitive means than 
elementary analysis for detecting impurities. The first preparation of 
proline picrate used showed no impurities detectable by either analysis or 
rotation, but the solubility behavior revealed impurities in the form of 
other amino acids. A preparation of analytically pure lysine picrate was 
similarly found by solubility to be impure, and was replaced by a prepara- 
tion of lysine dichloride which gave identical solubilities by both methods, 

Analyses of Supernatant Solutions—-From the supernatant solutions of 
the difficultly soluble phosphotungstates, v7z. those of lvsine, histidine, and 
arginine, and of evstine at 0°, sufficient volumes were concentrated to 15 ee., 


so that a 5 ee. portion of the concentrated solution used for amino nitrogen! 


1 Analytical Peculiarities of Certain Amino Acids—In analyses of the amino acids 
the following peculiarities are to be noted: 

Neither lysine nor tryptophane gives quantitative nitrogen values by Kjeldahl 
analysis. The yields of ammonia are variable, but usually about 90 per cent of the 
theoretical. Trial of practically all the oxidizing and catalytic agents recommended 
in the literature for use in Kjeldahl digestion has not, in our hands, improved the 
results. 

Arginine and tryptophane give theoretical values for a-amino nitrogen by the 
nitrous acid method with the regular reagents (18, 19) in the reaction time used for 
a-amino groups (4 minutes at 20°, 3 at 25°), but if the reaction is prolonged beyond 
this period the results become high. For each additional ‘‘a period’’ of 4 minutes 
at 20°, arginine evolves 0.4 per cent of an extra N: molecule, and tryptophane 1.2 
per cent. The secondary reaction of arginine, due doubtless to the NH, of the 
guanidine group, has been noted by Hunter (20). 

Glycine, which gives about 108 per cent of theoretical N. by Van Slyke’s original 
nitrous acid method (18), gives 102 to 103 per cent when the later manometric appa- 
ratus (19) is used. The mercury in the manometric chamber apparently retards the 
side reaction that causes the high results encountered when the former apparatus, 
without mercury, is used. This behavior has been discussed by Kendrick and Hanke 
(21) who found that adding KI lowered the results to theoretical. 

Cystine, on the other hand, which likewise by the original nitrous acid method 
(18), in apparatus without mercury, gave 108 per cent of theoretical N, yields, in 
the presence of the mercury of the manometric method (19), about 130 per cent. 
We have confirmed Kendrick and Hanke (21), however, to the effect that adding KI 
to the nitrite solution used for the manometric method entirely prevents this error 
in cystine analyses. 

Potassium iodide cannot be used in amino nitrogen determinations in which 
tryptophane forms a significant fraction. As Kendrick and Hanke (21) have shown, 
KI so affects the reaction of nitrous acid with tryptophane that only 40 to 60 per cent 
of theoretical N; is obtained from the tryptophane NH, group. 
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determination would contain enough NH, nitrogen (0.1 to 0.5 mg.) to 
permit analysis with an accuracy of the order of 1 part in 200 by the mano- 
metric nitrous acid method (19). For the solubility determinations at the 
different temperatures the following volumes of supernatant solutions of 
these amino acids were concentrated to 15 ce.; at 0° 300 ec., at 22° 150 ec., 
at 38° 100 ce. Before the solutions were concentrated the phosphotungstic 
acid was removed by extraction with amyl alcohol and ether in the presence 
of 1 Nn HCI (or stronger, in cases in which the precipitations had been carried 
out in 2 or 3 N HCl), by the technique formerly described (5). The free 
HCl in the solution was then distilled off by concentration to dryness in 
vacuo in a double necked distilling flask. The residue was taken up in a few 
ec. of water, with the addition of a few drops of 1 Nn NaOH to neutralize 
and clear the solution, and was washed into a 15 ec. volumetric flask. Un- 
til the alkali was added there was usually a slight turbidity, due perhaps 
to precipitation of amino acid by traces of unextracted phosphotungstic 
acid. 

In some of the experiments with histidine, the histidine contents of the 
supernatant solutions were determined photometrically by the method of 
Jorpes (22), with the Zeiss step-photometer. This method could be ap- 
plied to such dilute solutions that neither concentrating the supernatant 
solutions nor removing the phosphotungstic acid was necessary. The 
error of the colorimetric procedure is greater than that of the manometric, 
but appears to be within +2 per cent. In preparing the control curves it 
was found essential to have the reagents act on the standard histidine 
solutions at the same temperature used in the analyses of the supernatant 
solutions. 

In the supernatant solutions of tryptophane and of cystine at 22° and 38° 
the amino nitrogen concentrations of the supernatant solutions were great 
enough to permit analyses by the manometric nitrous acid method (19) 
without preliminary concentration. Portions of 3 ec. of tryptophane 
supernatant solution, or of 10 ce. of cystine supernatant, were pipetted 
directly into the manometric apparatus and were neutralized there by 
addition of 18 N NaOH. In the amino nitrogen determinations on cystine 
supernatant solutions KI was added to the nitrite reagent, as recommended 
by Kendrick and Hanke (21). 

In the cases of glycine and proline the amino acid content of the filtrate 
was determined by analyzing 0.5 or 1.0 cc. for amino acid carboxyl CO, 
by the ninhydrin-CO, method (23). The sample solution was placed in a 
reaction vessel (23), and 1 or 2 N NaOH was added until the pH, indicated 
by brom-cresol green, approximated 4.7. 50 mg. of citrate buffer of pH 4.7 
were then added, preformed CO, was boiled off, and the analysis carried 
out as previously described (23). 
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Measurements of hydroxylysine phosphotungstate solubilities observed 
when the amino acid was precipitated together with varying proportions 
of lysine have already been reported by Van Slyke, Hiller, and MacFadyen 
(24), who determined the hydroxylysine in the supernatant solutions by 
means of their periodate-ammonia method for the —-CH(N H2)-CH(OH) 
group. 


Composition of Imino Acid Phosphotungstat s 


Most authors have found the ratio of 3 moles of monoamino acid or 1.5 
moles of diamino acid per mole of PTA in the precipitates (16, 25-27). The 
analyses have not in all cases been complete, however, being based often 
only on nitrogen determinations, and it has not been certain to what extent 
the compositions of the precipitates depended on the conditions of their 
formation. ‘Toennies (14) found that in the case of cystine phosphotung- 
state, instead of the expected ratio of 1.5, ratios varying from 1 to 1.75 
could be obtained according to the conditions of precipitation. 

We have prepared the phosphotungstates by precipitation from solutions 
of the concentrations, indicated on p. 140, used in solubility determinations. 
Enough PTA was used in each case to combine with the amino acid in the 
ratio of 1:3 for the monoamino acids, or 1:1.5 for the diamino, and leave 
approximately 50 mg. of free PTA per cc. in the supernatant solution. 
The precipitates were washed with cold water on hardened filter papers, 
and were dried for analysis in the ways indicated in Table II. We did 
not attempt to define with precision the conditions for drying to constant 
content of water of crystallization, since the water of crystallization, 4o 
judge from the literature, is not definite under ordinary conditions of 
preparation, and the object of the analyses was to obtain the ratio of amino 


acid to PTA. 


Amino Acid Content—For amino nitrogen determinations, samples were weighed 
into volumetric flasks in such amounts that when dissolved and made up to volume 
5 ec. portions of the solution would contain 70 to 80 mg. of phosphotungstate in the 
eases of arginine and histidine, 30 to 40 mg. in the cases of lysine, cystine, glycine, 
and tryptophane. The phosphotungstates were dissolved with the aid of just enough 
1 w sodium hydroxide to make them alkaline to alizarin and give clear solutions 


Portions of 5 cc. were used for determination of amino nitrogen by the manometric 


nitrous acid method (19). For lysine the nitrous acid reaction was prolonged to 5 
times the interval used for a-amino groups, in order to obtain complete reaction of 
the w-NH,. For the other amino acids the usual reaction time of the a-amino groups 
was used; « q., 4 minutes at 20° ((19 p. 440 For the analysis of cystine, KI was 


added to the nitrite reagent in the proportions recommended by Kendrick and Hanke 
(21).! 

Proline phosphotungstate was analyzed by the ninhydrin-CO, manometric method 
of Van Slyke, Dillon, MacFadyen, and Hamilton (23). Of the phosphotungstate 40 
to 50 mg. were dissolved in 2 cc. of water and a few drops of 1 N NaOH were added to 
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bring the pH to about 4.7, as indicated by the color given to brom-cresol green. Cit- 
rate buffer of pH 4.7 was then added and the analysis was carried through at that pH. 

Phosphotungstic Acid Content—The ignition technique of Toennies and Elliott 
(14) was used, in which the residue is weighed as HPO;-12WO;. Samples of 150 to 200 
mg. were ignited in an open porcelagn crucible for a few minutes until the carbon was 
burned off. The crucible was then covered and subjected to the full heat of a Bunsen 
burner for 20 minutes, which was found sufficient to give a maximum weight loss. 
Duplicate analyses checked within 0.3 per cent. The values for H;PO,-12WO,; were 
calculated by multiplying the ignition residue values by the theoretical factor, 
9881/2863, or 1.0063. 

Water Content—The water of crystallization was calculated in percentage terms as 


H.O = 100 — (amino acid content) — (H;PQO,4-12W0Os) 


This indirect procedure for estimating the water suffers from addition of the errors 
of the amino acid and the ignition residue determinations, and the results cannot be 
considered accurate by more than 0.5 mole of the H,O per mole of PTA. However, 
we have used the method because direct estimation of the water by drying methods 
suffers from uncertainty concerning the readiness with which the water is driven off 
from the different phosphotungstates. Thus Drummond (25) obtained what he 
apparently considered were satisfactory water values in several phosphotungstates 
by drying at 105-110°, while Toennies (14) found that preparations of cystine phos- 
photungstate dried at 110° might still contain as much as 3.5 per cent of water, when 
determined by ignition, and free phosphotungstie acid itself holds the composition 
H,;PO,-12WO;-7H.O when dried either on the steam bath (present authors) or at 110° 
Toennies (14); Miolati and Pizzighelli (15)). However, in the preparation of histi- 
dine and proline in Table II, we have checked the water contents by drying at 100° 
in vacuo, and found that the results agreed with those from ignition, as would be 
expected from Drummond (25). 


The results in Table II indicate that under the conditions used in our 
precipitations, as under the somewhat different conditions used by pre- 
vious authors (16, 25-27), the trivalent formula for the phosphotungstates 
is approximated, 3 moles of monoamino acid and 1.5 moles of diamino 
acid combining with | mole of the 12-phosphotungstie acid, except in the 
ease of cystine. Our data confirm those of Toennies and Elhott (14), who 
found that cystine did not follow the trivalent formula. 


SOLUBILITY RESULTS 


Non-Dependence of Solubility on Ratio of Substrate to Supernatant Solu- 
tion—That the concentration of a saturated solution in equilibrium with the 
solid phase of the solute is independent of the amount of solid phase present 
is a law of solubility so generally valid that one would not ordinarily con- 
sider its proof necessary for a special case. However, for the phospho- 
tungstates of some of the amino acids Thimann (28) has reported that ob- 
served solubilities varied in the same direction as the amount of substrate 
present per unit of supernatant solution. Consequently, as a preliminary 
to our work, it became necessary to test this point. 
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Thimann’s results were obtained by the precipitation method only, and 
the amount of PTA added per unit volume of precipitated solution was 
kept constant, while the amounts of amino acids added were varied, 
Solubilities measured by this procedure could be affected by two possible 
Slight amounts 


varying factors other than the amount of substrate. (1 
of other amino acids contaminating the one added could increase the ap- 
parent solubility, measured from the nitrogen content of the supernatant 
solution, and the increase would be greater as the amount of added amino 
acid increased. (2) Addition of increasing amounts of amino acid, while 
the amount of PTA in the system was kept constant, as in Thimann’s 
experiments, would decrease the concentration of free PTA left in the 
supernatant solution. With the decrease in concentration of free PTA the 
precipitation might be less complete at equilibrium. Here again the ap- 


Taste III 
Solubility of Arginine Phosphotungstate Determined with Varying Amounts 
of Substrate 
Solubilities at 22°, with supernatant solution containing 1 N HCl and approxi- 
mately 16.6 mm of PTA (50 gm. per liter). 


Precipitation (48 hrs Resolution 


Fresh 16.6 mu PTA, 1 


Arginine added 
i j ( rake « 
Arginine in supernatant HCl, shaken with same 


PTA added aoletio pts 

—— Arginine in supernatant 
solution 
mM per ma per i.* ma perl, mm perl 
2.36 18.3 0.223 0.217 
1.73 20.0 0.229 0.217 
9.46 23.2 0.233 0.217 
18.92 29.4 0.235 0.213 


* 1 mm of H;PO,-12W0O;-7H,0 = 3.007 gm. 


parent solubility would increase with increasing amounts of added amino 
acid. 

We attempted to avoid these sources of error. The amino acids used 
were of purity tested both by elementary analysis and by the constancy 
of the solubilities of their phosphotungstates approached from both sides 
of equilibrium. The concentrations of free phosphotungstic acid in the 
supernatant solutions were kept approximately constant in the precipita- 
tion experiments by varying the amount of PTA added with the amount of 
amino acid, so that enough PTA would be present to combine with all the 
amino acid, in the proportions experimentally found (Table II), and in 
addition provide an excess to leave an approximately constant concentra- 
tion of PTA in the supernatant solution. 

The results in Tables III to VI with arginine, histidine, glycine, and with 
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the recrystallized phosphotungstate of proline show that the solubility 
in each case is independent of the amount of precipitated substrate. The 
“precipitation” results with unrecrystallized proline phosphotungstate in 
Table VI show how an impurity can cause an apparent increase in the 
solubility with increasing amounts of amino acid. 


TaBLe IV 
Solubility of Histidine Phosphotungstate Determined with Varying Amounts 
of Substrate 
Solubilities at 22°, with supernatant solution containing 1 N HCl and approxi- 


mately 16.6 mm of PTA. 


Precipitation (48 hrs.) 
Histidine added 


PTA added Histidine in supernatant 
ma per! mm perl. ma perl, 
2.10 18.3 0.55 
4.20 19.8 0.54 
8.40 22.9 0.56 
16.80 29.0 0.57 
TABLE V 


Solubility of Glycine Phosphotungstate Determined with Varying Amounts 
of Substrate 
Solubilities at 22°, with supernatant solution containing 1 N HCl and approxi- 
mately 16.6 mm of PTA. 


Resolution determinations 


cts adie Precipitation (96 hrs. with same ppts. 
PTA added Glycine in supernatant Glycine in supernatant 
ma perl. mm perl. mm perl. mo perl. 
SY 16.3 39.0 37.0 
133 60.9 37.0 37.2 
266 105.3 36.6 37.0 


Effects of Concentration of Free Phosphotungstic Acid 

In both Hausmann’s (2) and Van Slyke’s (4-6) methods for separating 
the hexone bases by PTA precipitation the concentration of PTA used was 
about 50 gm. (16.6 mM) per liter. The following experiments were per- 
formed to find whether deviations from this PTA concentration affect the 
solubilities of the precipitated phosphotungstates. 

Histidine and arginine, in approximately 4 mM concentration each, were 
precipitated with PTA in the presence of 1 Nn HCl, and the precipitates 
were sucked free of gross adherent fluid on a filter. Portions representing 
approximately the amounts precipitated from 200 cc. of solution were 
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resuspended in that volume of solution containing HCl of 1 N concentration 
and PTA of varying concentration. The solutions were saturated by con- 
stant shaking for 3 hours at 22°, and the amounts of amino acid in the 
supernatant were determined by amino nitrogen estimation, as previously 
deseribed. The results are given in Table VII. 

It is apparent that for these bases some excess of free phosphotungstie 
acid is necessary to depress the solubility to its minimum, but that varia- 
tions between 25 and 100 gm. of PTA per liter (8.3 to 33.3 mm) make little 
difference in the solubilities. 


TABLE VI 


Solubility of Proline Phosphotungstate Determined with Varying Amounts 
of Substrate 
Solubilities at 22°, with supernatant solution containing | N HCl and approxi- 
mately 16.6 mm of PTA. The variable results in the 3rd column illustrate the effeet 
of an impurity in the proline preparation. The constancy of results in the last 


column evidences removal of the impurity by the recrystallization 


Resolution determinations 
Precipitation with same ppts 
I ne added recrystallized 
PTA added Proline in supernatant Proline in supernatant 

mM peri mw peri mv per mu peri 
87 16} 36.6 25.5 
174 io 41.5 25.0 
348 133 48.2 25.3 


E fect of Conce nitration of Free Hydrochloric Acid 


The solubilities were measured by the ‘resolution’ technique, by shak- 
ing previously precipitated phosphotungstates for 3 to 5 hours at 22° with 
solutions containing PTA in 16.6 mM (50 gm. per liter) concentration, and 
varying concentrations of HCl. The amino acid concentrations in the 
supernatant solutions were determined by amino nitrogen or amino acid 
carboxyl determinations, as previously outlined. 

The results in Table VIII indicate that 0.25 n HCl should be a better 
medium than 1 nN HC! for the phosphotungstate separation of the diamino 
from the monoamino acids. The solubilities of the phosphotungstates of 
all the amino acids are lower in the more dilute HCI, but the percentage 
lowering is greatest in histidine and arginine, especially the latter, which 
is only 32 per cent as soluble in 0.25 asin IN HCl. The phosphotungstates 
of the monoamino acids, glycine and proline, are relatively less affected; so 
that in the 0.25 nN HCl a more complete separation appears attainable. For 
example, in 1 N HCl] arginine phosphotungstate is 0.006 as soluble as glycine 
phosphotungstate; hence from a mixture of equimolar amounts one could 
precipitate 99.4 per cent of the arginine in a volume of solution which 
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would hold the glycine dissolved. In 0.25 Nn HCl, the arginine is only 0.002 
as soluble as the glycine, and a 99.8 per cent separation should be possible. 
In 2 and 3 N HCl the solubilities of all the phosphotungstates are also 
less than in 1 N. But the effect is not so markedly in favor of the diamino 
acids. Levene and Van Slyke (11) found that the solubility of alanine 
phosphotungstate also is low in the presence of 2 N acid. 


Tasie VII 
Effect of Variation in Free PTA Concentration on Solubilities of Arginine and 
Histidine Phosphotungstates 
Temperature, 22°; HCI concentration, 1 N; solubility by resolution of previously 


precipitated phosphotungstates. 


Concentration of PTA in supernatant solution Solubility of arginine Solubility of histidine 


mm perl. gm. perl. mM perl. mm per I. 
0 0 0.666 1.860 
8.3 25 0.219 0.612 

16.6 50 0.218 0.547 
33.3 100 0.219 0.552 


Tas.Le VIII 
Solubilities of Phosphotungstates at 22° in Presence of Different Concentrations of HCl 
Excess PTA in supernatant solution, 50 gm. per liter. 


Solubilities in mm of amino acid per liter 


| 


HCI con- Diamino acids Monoamino acids 

centration 
Arginine Histidine Lysine a Cystine Glycine Proline i 
\ 

0 0.066 0.299 0.450 

0.25 0.069 0.390 0.055 0.6* 0.507 32.8 21.1 4.43 
0.5 0.150 0.470 0.081 0.596 35.4 23.3 

1.0 0.217 0.547 0.084 0.566 37.0 25.3 

2.0 0.221 0.347 0.040 0.364 31.8 20.8 

3.0 0.100 0.233 27.1 16.4 


* Approximate, from a previous paper (24); subject to possible revision from data 


with more highly purified material. 


Effects of Temperature 


The temperature effects are shown in the curves of Fig. 1.2 All the solu- 
bilities were measured by the “resolution” technique. Most striking is the 
? The solubility values in Fig. 1 are given in terms of nitrogen rather than mm of 
amino acid for two reasons: (1) The solubility differences between mono- and diamino 
phosphotungstates are not so great in terms of nitrogen as in moles; hence it is easier 
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extraordinarily high temperature coefficient of cystine, compared with all 
the other amino acids. The diamino acids, however, all show below room 
temperature definitely higher temperature coefficients than the proline 
and glycine. 

It would appear therefore that, so far as one can judge from the solu- 
bilities of the separate amino acids, the most complete separations of the 
diamino from the monoamino group should be obtainable by precipitation 
of the diamino acids in large volumes at low temperatures. For example, 
at 38° the molar solubility ratio, proline-lysine, is 350 and at 22°, 333, 
while at 0° the ratio is 740 (in terms of nitrogen the ratios are half as great)? 

With arginine, it was impossible to get constant solubilities at 0°. The 
variation was due to the formation of a gelatinous rather than a crystalline 
precipitate in most of the saturations at 0°. When this occurred, the 
solubility increased. In one experiment in which the gelatinization did not 
occur, the solubility at 0° was only 0.026 mM per liter, while in other 
experiments, in which gelatinization did occur, the solubility was found in 
the neighborhood of 0.10 mm, 4 times as great. The 0° point for arginine 
given in Fig. 1 represents the solubility obtained when gelatinization did 
not occur. There seems to be less tendency to gelatinize when the arginine 


is precipitated with other diamino acids. 


Effect of Coprecipitation with Lysine and Arginine in Decreasing the 
Solubility of Histidine Phosphotungstate 


A study of coprecipitation of histidine with lysine and arginine showed 
that when the molar ratio of lysine or of arginine, or of their sum, to his- 
tidine exceeds unity the precipitation of the histidine becomes increasingly 
more complete as the ratio increases.‘ Apparently mixed phosphotung- 
states are formed. A similar behavior of lysine in carrying down the 10- 


to put the values for both groups on a single logarithmic chart in nitrogen terms. 
(2) The solubilities in nitrogen terms can be applied directly as corrections in nitro- 
gen distribution analyses of protein hydrolysates (4-6). 

* Tryptophane forms a more insoluble phosphotungstate than either proline 
or glycine (Fig. 1), but it appears that tryptophane can be neglected in estimating 
conditions for separating the di- and monoamino acids, because it has not been ob- 
served to occur in acid protein hydrolysates in sufficient amounts to be precipitated 
with the diamino acids. Thus Van Slyke (4) in analyses of seven proteins of widely 
varying nature found in no case any glyoxylic acid test for tryptophane in the solution 
obtained by redissolving the diamino acid phosphotungstates. 

‘ Our attention was first drawn to this phenomenon by finding in gelatin analyses 
(unpublished) that the precipitation of the diamino acid phosphotungstates left only 
one-third as much histidine in the filtrate as would be predicted by solubility deter- 
minations on pure histidine phosphotungstate. 
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fold more soluble hydroxylysine phosphotungstate has already been 
noted (24). 

Fortunately for the utility of phosphotungstic acid in separating the 
diamino and monoamino fractions, the tendency of the diamino phos- 
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Fic. 1. Effect of temperature on the solubilities of amino acid phosphotungstates 
in the presence of 0.25N HCl. The curve for histidine is not valid when the molar sum 
of arginine and lysine precipitated exceeds the histidine. When histidine is pre- 
cipitated together with lysine or arginine or both, the solubility correction for histi- 
dine is to be estimated from Fig. 2. 


photungstates to carry down the monoamino group is slight compared with 
the tendency of arginine and lysine to carry down histidine. 

The experiments recorded in Tables LX to XII were performed by the 
“precipitation” technique. The lysine and histidine used were dichlorides, 
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the arginine a monochloride; all had been found to be pure by solubility 
tests as well as analysis. 

The results summarized in Fig. 2 show that arginine and lysine have 
nearly equal effects in carrying down histidine with their phosphotung. 


TABLE IX 
Solubilities of Phosphotungstates of Lysine and Histidine Precipitated Together 
Temperature, 22°; HCl in supernatant, 0.25 N; excess PTA in supernatant, 16.6 
mM, 50 gm. per liter; solubilities determined by 48 hour precipitation and analysis of 


the supernatant solution. 


Molar fraction 
of amino acids 
as histidine in 


Left in 1 liter supernatant 


ino acids pres in 
Amino acids present solution after pptn 


Pptd. per liter solution 








system, per liter solubilities 
ppt 
.) 
Histidine onee Histidine i+ > 
Histidine Lysine eI : — . Ine, Lysine, 6 — = y ’ + 
1 d é g 
mM mM mu mM mM mM 
3.89 0 0.390 0 3.50 0 1.00 
3 29 1.01 0.393 0.039 3.50 0.97 0.78 
3.89 1.01 0.392 0.038 3.50 0.97 
3.89 4.03 0.376 0.042 3.51 3.99 0.47 
2.19 4.75 0.245 (0.04)* 1.94 (4.71)* 0.29 
0.97 4.03 0.092 0.049 0.88 3.98 0.18 
0.97 4.03 0.098 0.047 0.87 3.98 
0.55 4.75 0.033 (0.05) * 0.52 4.70 0.099 
0.27 4.75 0.014 (0.05)* 0.26 (4.70)* 0.052 
0 4.03 0 0.051 0 3.98 0 


* Interpolated. 


states. 


CONDITIONS FOR PRECIPITATION OF THE DIAMINO 
HYDROLYSATES 

From data in this paper it appears that 0.25 n HCl offers a better medium 
than the previously employed 1 N HCl for separating the phosphotungstates 


On the 
the more insoluble 
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other hand, histidine has little 


effect on the solubilities of 


» phosphotungstates of lysine and arginine. 
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of the mono- from the diamino acids. It is also evident from Fig. 1 that 
in estimating the minimum volumes of solution that will keep glycine and 
proline phosphotungstates in solution during the precipitation? it is neces- 
ary to take temperature into account. We have indicated in Fig. 3 the 
volumes of 0.25 Nn HCl containing 50 gm. of free PTA per liter which are 
required to hold in solution the 0.26 gm. of glycine yielded by hydrolysis 
of 1 gm. of gelatin (29). Fig. 3 also indicates the amounts of PTA that 
must be added to provide the maximum (estimated at 2.5 gm. of PTA per 
om. of protein) required to combine with the diamino acids and leave an 


TABLE X 
Solubility of Histidine Phosphotungstate Precipitated with Lysine in a Molar Ratio of 
4:1, with Varying Amounts of Substrate 
Temperature, 22°; the supernatant solution contained HCl in 0.25 n and PTA in 
16.6 mm concentration; the solubilities were determined by 48 hour precipitation. 
The results show that the amount of mixed substrate present does not affect the 
solubility if the composition of the substrate is constant. 


Molar fraction of amino 


Amino acids present in system, per liter Histidine in supernatant acids as histidine in ppt.* 
solution, per liter ‘Histidine 
he Li Ss i : : r : “ 
Histidine Lysine een Histidine + lysine 
mM mM mu mM 
9.12 36.6 0.075 0.802 
9.12 36.6 0.086 0.802 
1.56 18.3 0.087 0.803 
1.56 18.3 0.086 0.803 
2.28 9.14 0.091 0.806 
2.28 9.14 0.093 0.806 
1.14 4.57 0.090 0.812 
1.14 1.57 0.086 0.812 


* Calculated as in Table VIII, with the assumption that the lysine in the super- 
natant solution is 0.04 mm per liter. 


excess of approximately 50 gm. of PTA per liter in the supernatant solu- 
tion. Gelatin, because of its high glycine and proline contents, 27 and 18 
per cent respectively (29), offers the most difficult mixture for the phos- 
photungstate separation that the writers have encountered, and it appears 
that conditions which suffice for the separation in gelatin will be adequate 
for protein analyses in general. 

The conditions indicated in Fig. 3 have been tested on gelatin, fibrin, and 
edestin, and have been found to yield a precipitate of diamino acids free 
of monoamino acids, except small amounts of the latter adsorbed by the 


precipitate. 
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These cannot be removed by washing, but are removed by one recrystal- 
lization of the diamino phosphotungstates. For recrystallization the 
phosphotungstates can be redissolved by boiling water, or in the cold by 
adding just enough 1 nN NaOH to a water suspension of the phosphotung. 
states to dissolve them ((8) pp. 267, 268). In either case enough HC} js 
then added to bring its concentration (in excess of any NaOH added) to 


TaBLe XI 
Solubilities of Phosphotungstates of Arginine and Histidine Precipitated Together 
Temperature, 22°; HCl in supernatant, 0.25 Nn; PTA in supernatant, 16.6 mw, 
50 gm. per liter; solubilities determined by 48 hour precipitation and determination 
of histidine (photometric) and total nitrogen in the supernatant solutions. 


Molar fraction 


Amino acids present in Solubilities, amino acids left Pptd. per liter solution of amino acids 
system, per liter in 1 liter supernatant spins Si as histidine in 
ppt 


Arginine 





Histidine Arginine v8 Lt = 62 i, hapinion, 

(a) b (¢ 1 e g 

mt mw mM mu mM mu = 
+ 0 0.39* } 0 1.00 
3.90 1.055 0.399 0.078 3.50 0.98 0.78 
4.39 4.75 0.362 (0.08)t +.03 4.67 0.46 
3.90 4.22 0.390 0.070 3.51 4.15 0.46 
2.19 4.75 0.212 (0.08) t 1.98 4.67 0.30 
1.10 1.75 0.081 (0.08) tT 1.02 1.67 0.179 
0.98 4.22 0.103 0.090 0.88 1.13 0.175 
0.55 4.75 0.043 (0.08) t 0.51 4.67 0.099 
0.27 1.75 0.019 (0.08)t 0.25 1.67 0.051 
0 + 0.075* 0 car 0 


* Results in the top and bottom rows for solubilities of histidine and arginine 
precipitated alone are from previous experiments 
t The solubilities of arginine in parentheses are interpolated. The total nitrogen 


in the supernatant was not determined. 


0.25 Nn. Then 50 gm. of PTA per liter are added, in order to effect the re- 
crystallization under the same solubility conditions as the first precipitation. 

In applying solubility corrections for the diamino acid phosphotungstates 
in protein hydrolyses, the corrections for arginine and lysine may be ob- 
tained from Fig. 1. For histidine the correction must be taken from Fig. 
2 after the proportions of lysine, arginine, and histidine in the precipitate 


have been determined. 








tal. 
the 
by 
ng- 
| is 
to 


ine 


en 





\ 


; 





VAN SLYKE, HILLER, AND DILLON 155 


TaBLeE XII 


Solubility of Histidine Phosphotungstate Precipitated in Varying Proportions with a 
Mizture of Arginine and Lysine 


Temperature 22°; the supernatant solution contained HCl in 0.25 n and PTA in 
16.6 mM concentration; the solubilities were determined by 48 hour precipitation. 


Amino acids present in system, per liter na Maing setts = pet.* 
~- j = —, ' Histidine + arginine 
Histidine Lysine Arginine sr + lysine 
mM mM mM mM 
(0.39)T (1.00)t 
4.38 2.37 2.37 0.390 | 0.46 
2.19 2.37 2.37 0.244 0.29 
1.10 2.37 2.37 0.124 0.18 
0.55 2.37 2.37 0.083 0.09 
0.27 2.37 2.37 0.046 0.046 


* Calculated as in Table VIII, with the assumption that, of the 2.37 mm each of 
lysine and arginine present, 2.33 mM of the lysine and 2.30 of the arginine were pre- 
cipitated. 

+ Solubility of histidine phosphotungstate in the absence of other amino acids, 
from other experiments. 
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Fic. 2. Solubility of histidine phosphotungstate in the presence of varying propor- 
tions of lysine and arginine phosphotungstates. As the proportion of histidine in 
the diamino acid mixture falls below half, histidine precipitation becomes progres- 
sively more complete. The effect is not reciprocal: large proportions of histidine 
have little effect on the solubilities of arginine and lysine (two lower curves). 


For the histidine determination we find that direct colorimetric deter- 
mination by the method of Jorpes (22) applied to the solution of diamino 
phosphotungstates is more exact than the calculation by difference origi- 
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nally used by Van Slyke (4, 6). Calculation of lysine from the dif. 
ference between amino nitrogen and carboxyl nitrogen, as described on 
p. 658 of Van Slyke, Dillon, MacFadyen, and Hamilton (23), is more exact 
than the calculation originally used (4); the lysine calculation from amino 
and carboxyl nitrogens also has the advantage that it is not affected by 
the presence of cystine in the diamino mixture, nor by adsorbed mono- 
aminomonocarboxylic acids, such as glycine. These methods for histidine 
and lysine, as well as the original alkali-decomposition method for arginine 
(4) can be applied to the solution obtained by simply redissolving the di- 


Ternpersat 
Fic. 3. Volumes of 0.25 n HCl and amounts of PTA, per gm. of protein, which 
appear to give optimal conditions for separation of the diamino from the monoamino 


acids in protein hydrolysates. 


amino acid precipitate in enough alkali to give a neutral solution, without 


re moving the PTA. 


SUMMARY 


The solubilities of the salts of 12-phosphotungstic acid formed by the 
diamino acids, arginine, histidine, lysine, and cystine, and of the mono- 
amino acids, glycine, proline, and tryptophane, have been measured under 
varying conditions of temperature and mineral acid concentration, and 
what appear to approximate optimal conditions have been ascertained for 
the phosphotungstate separation of the diamino from the monoamino 
acids in protein hydrolysates. 

Histidine has been found to form mixed phosphotungstates with arginine 
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and lysine, so that when the molar sum of lysine and arginine exceeds the 
histidine, precipitation of the histidine is more complete than indicated by 
the solubility of its isolated phosphotungstate. The solubility effect of 
the arginine and lysine on the histidine has been plotted as a function of 
the proportion of histidine in the mixture, so that solubility corrections can 
be made for histidine as well as the other two diamino acids. Histidine 
does not show a reciprocal effect on the solubilities of lysine and arginine 
phosphotungstates. 

Under the conditions used, the amino acid phosphotungstates precipi- 
tated, except that of cystine, approximate in composition the trivalent 
formula of previous authors, 3 moles of a monoamino acid, or 1.5 moles of a 


diamino acid, precipitating with 1 mole of H3PO,4- 12WOs. 
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ANALYZER FOR QUICK ESTIMATION OF RESPIRATORY GASES 


By P. F. SCHOLANDER 


(From the Edward Martin Biological Laboratory, Swarthmore College, Swarthmore) 
(Received for publication, August 31, 1942) 


The present method was developed in order to meet conditions under 
which the speed and convenience of a less accurate method are of greater 
importance than the high accuracy obtained in the time-consuming 
methods of ordinary gas analysis. An analysis with the method presented 
takes only from 0.5 to 5 minutes and gives results accurate to 0.5 to 1 
per cent of the total volume analyzed. 

Principle—The gas sample is drawn through a hypodermic needle into a 
syringe which is adjusted to a fixed capacity. The gas is injected through 
a rubber tube directly into a measuring burette which is filled with the 
desired absorbent. The percentage of gas left or absorbed is read directly 
on the burette. 

Apparatus—The apparatus consists of two burettes, each connected 
through a rubber tube with a leveling bulb, and of two 5 ee. syringes in 
adjustable holders. The apparatus is conveniently mounted on a panel, 
as shown in Fig. 1. The burettes are of 5.5 mm. bore and are graduated 
in 100 parts from the closed end, so that the graduated capacity is 5 cc. 
At the open end of the burette is a bulb of about 25 ec. capacity. For 
determining very low percentages of nitrogen, it is an advantage to have 
the top of one burette constricted as in B. The burette is connected 
through a heavy rubber tube of around 9 mm. bore with the leveling bulb 
of 15 to 20 ce. capacity. The opening of the burette and leveling bulb 
into the rubber tube should be kept full size. The leveling bulbs are 
fastened securely to the panel by means of a metal strap which can be 
tightened with a wing-nut on the back side of the panel. The burette 
hangs freely down in the rubber tube, or it can be arrested in a fuse clip 
at the lower end. Between the leveling bulbs are fastened two pairs of 
fuse clips fitting the burette stem. The leveling bulbs are provided with 
grooved stoppers. 

or gas samplers two 5 cc. syringes are used which are fixed rigidly in a 
frame (see Fig. 1, C), so that their maximum capacity can be adjusted and 
fixed by a set-screw and lock-nut to match the graduated capacity of the 
respective burette. It is essential that the set-screw should engage the 
center of the plunger head. If that is not the case, care must be taken that 
the syringe plunger is always turned in the same direction when hitting the 
screw. The frames should be made of plastic or other heat-insulating 
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material. It is advisable to put a piece of insulating tape between the 
syringe and the frame before tightening the screw-hook which holds the 
syringe fixed. The syringes are provided with short, fine hypodermic 
needles (gage 24). 
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Fig. 1. Apparatus fastened toits panel. A is filled with potassium hydroxide and 
B with hydrosulfite. B shows the position of the burette when the gas is squirted 
in through the rubber tube below the burette bulb and also the position at which 
the final gas volume is read; that is, with the liquid menisci level. A shows the 
position of the other burette between the analyses when the gas of the burette has 
escaped up through the rubber tube and leveling bulb. The graduation and num- 
bering of the burette tubes are indicated. C, syringe samplers fixed to a bakelite 
frame provided with set-screws and lock-nuts for the accurate adjustment of the 
delivery capacity of the syringes. The samplers may be hung on the panel when 


not in use, as indicated. 


Reagents—A is filled with 10 per cent potassium hydroxide solution for 
the carbon dioxide absorption. B is filled with 10 per cent potassium hy- 
droxide solution containing 15 per centdry hydrosulfite-anthraquinone-$- 
sulfonate mixture (10:1). The solution should be made up in a stoppered 





bu 
cu 


Wi 





P. F. SCHOLANDER 161 


| the ‘hottle which it completely fills. A layer of mineral oil prevents the solution 
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from being oxidized in the leveling bulb. A beaker with 2 per cent sulfuric 
acid containing an indicator completes the reagents.' 

Calibration—The vaseline-greased syringe is filled with atmospheric air; 
are should be taken not to touch and heat the chamber walls of the 
yringe. The burette (A) is held upright, as in B, and the rubber tube 
underneath the burette is pierced obliquely with the syringe needle and 
the gas squirted into the alkali. The gas volume collects at the top of the 
burette and is read with the burette meniscus and the leveling bulb menis- 


‘aslevel. The burette is hung down, whereby the gas escapes up through 


the rubber tube and out through the leveling bulb. The syringe is rinsed 
with a little acid and the set-screw is adjusted so that after some few 


‘repetitions the volume expelled from the syringe comes exactly to the 0 


mark of the burette, after sufficient time for drainage is allowed. The 


‘same procedure is used for the burette with hydrosulfite and the other 


syringe. In this, however, the set-screw is adjusted so as to give a gas 
reading in the burette of exactly 79, which is the nitrogen percentage of 


atmospheric air. 
Procedure 


For securing the gas sample it will usually be possible to arrange it so 
that the gas can be taken by puncturing a rubber tube with the syringe 
needle. ‘The syringe is filled with the gas by repeated washing, during 
which one is careful not to warm the syringe chamber by clasping it in the 
hand. The needle is taken out and immediately stuck into the analyzer, 
which is gas-free and held in an upright position (B). The gas is slowly 
squirted in and the volume read after the liquid has drained from the 


'walls and the menisci have been leveled. The burette is freed of gas 


for the next analysis by hanging it down asin (A). The syringe is washed 
with a little acid before the next analysis. If nitrogen is determined in 
samples with high oxygen content, 0.5 ec. of mercury may be put into B. 
The gas is introduced slowly, and the bubbles together with the mercury 
are shaken violently in the bulb of the burette, while it is kept horizontal 
and in a high position. The mercury helps to break up the crust which is 
formed around the bubbles and thus speeds up the absorption. Tank 
oxygen, for instance, requires shaking in this way, in order to be absorbed 
quickly. Shaking is continued until the reading remains constant. 
Oxygen is determined on two independent samples, in the one of which 
the carbon dioxide is determined and in the other the carbon dioxide plus 


'The water vapor tensions of these reagents differ less than 2 mm., according to 
determinations with the Van Slyke manometric apparatus. This gives less than 
' I £ 
).25 per cent error in the volumetric readings, and accordingly is negligible. 
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the oxygen. The difference between the readings gives the percentage of 
oxygen. 

If the samples cannot be analyzed at once, they can be stored for a short 
time in the syringes by putting the syringe tip in a little water, as a seal, 

For special purposes, it may be sufficient to have only one burette, as in 
determination of the amount of air leaking into an oxygen chamber during 
oxygen administration; it may then also be an advantage to calibrate the 
burette in reverse of what is shown in the picture, so that the nitrogen 
percentage is directly read. In most cases of ordinary laboratory work, 
it is preferable to have both burettes like A, without a constricted tip. Less 
than 1 per cent of residual gas can still be determined by injecting several 
syringes. By leaving a small known amount of gas in the burette from the 
preceding analysis, the poor definition of reading small amounts of nitrogen, 
in analyses of Q.-enriched air, near the tip of the burette can be avoided. 


I wish to express my gratitude to Dr. Laurence Irving for his helpful 


support. 
The apparatus was made by Mr. J. D. Graham. 
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THE ACID-BASE-BINDING CAPACITY OF COLLAGEN 


By EDWIN R. THEIS anp T. F. JACOBY 


(From the Biochemistry Division, Department of Chemistry, Lehigh University, 
Bethlehem) 


(Received for publication, September 1, 1942) 


Atkin (1) in 1933 discussed the composition of gelatin and collagen and 
came to the conclusion that its molecular weight should be 34,500. On 
the basis of data taken from that paper and other later sources, it is 
possible to make further calculations (2, 3) as shown in Table I. These 
data would appear to indicate that if the amounts of arginine, lysine, and 
histidine are taken into account, then such a sum would agree rather well 
with the maximum amount of acid bound as determined by a number of 
workers. However, if the sum of the aspartic acid, glutamic acid, and 
tyrosine is considered in relation to the maximum base binding as found 
by these same workers, agreement is extremely poor. The work of Hitch- 
cock (4), dealing with the acid-base-binding capacity of gelatin as measured 
by potentiometric methods would seem to indicate a maximum acid bind- 
ing of approximately 0.96 milliequivalent per gm. of protein, an isoelectric 
point at pH 4.7 to 4.8, a broad plateau region between pH 6.5 and 8.5, 
and an approximate maximum base fixation of 0.95 milliequivalent per 
gm. of protein. Curves taken from the work of Jordan Lloyd and Bidder 
5) show only an indication of an acid-binding maximum better than 0.9 
nilliequivalent per gm. of protein, a broad isoelectric zone, a broad plateau 
in the pH range 8 to 11, and a base-binding maximum of better than 0.8 
nilliequivalent at pH 13. The curve representing data employed by 
Highberger (6) using highly purified collagen is quite different from 
similar curves obtained by any of the other investigators in this field. 


| Highberger has pointed out that the validity of applying the potentiometric 
| methods used for homogeneous solution is rather open to question. His 
| curve for the purified collagen showed no indication of a maximum acid 





fixation but an actual decreased acid binding at pH values less than 2, an 
isoelectric zone in the pH range 4.9 to 6.0, a very broad plateau in the 
range pH 7 to pH 10.1, and no real values for maximum base binding in 
the more alkaline range. Curves obtained by Theis and Stubbings' for 
wllagen using a combination potentiometric and titration method yielded 
low and erratic values for maximum acid fixation and base fixation. High- 
verger (6) ascribed such discrepancies as due to variation in the ratio of 
acid and water absorbed by the protein. 


' Theis, E. R., and Stubbings, R. L., unpublished data. 
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The methods used by most investigators in determining the titration 
curve for collagen have been modifications of the classical potentiometric 
one, in which many thermodynamic assumptions must of necessity be made. 
While the potentiometric method may be extremely useful in determining 
the acid-base fixation of soluble proteins, the present writers believe that 
it is not applicable to fibrous proteins, since such systems are heterogeneous 
systems. Sheppard, Hauck, and Dittmar (7) used a dye adsorption 
technique and found for gelatin two different acid fixation values. Foy 
alkali-processed gelatin approximately 0.9 milliequivalent of HCl was 
fixed, while for acid-processed gelatin 1.5 milliequivalents of acid were 
bound. 

McLaughlin and Adams (8) in 1940 introduced a certain technique in 
protein analysis. Their method was to treat the protein in question with 


TABLE I 


Amino Acid Content of Collage 7 


Amino acid An acid i lagen 
Sinica mu per em 
1. Aspartic acid 3.4 0.257 
2. Glutamic “ 5.8 0.394 
3. Tyrosine 1.0 0.055 
+. Amide N 0.5 0.358 
(1) + (2) — (4) 0.293 
(1) + (2) + (3) -— (4) 0.348 
5. Arginine 8.2 0.471 
6. Lysine 5.0 0.343 
7. Histidine 0.9 0.060 
(5) + (6) + (7) 0.874 
0.814 


(5) + (6) 


acid and, after equilibrium had been established, press the protein twice 
at some 5000 pounds per sq. inch pressure. This treatment, these workers 
suggested, removed all free water and free electrolyte. After being pressed, 
the protein material was air-dried and ground to a fine powder previous 
to analysis. Jordan Lloyd and Moran (9) have also postulated that a 
pressure of some 8000 pounds per sq. inch will remove all free water. Theis 
and Jacoby (10) in 1941 investigated this pressing technique rather 
thoroughly and came to the conclusion that acid- or base-treated collagen 
could be pressed free of all unbound electrolyte. In a published work 
in 1941, Theis and Jacoby gave a preliminary method for using this 
pressing technique in obtaining the acid- or base-binding capacity of silk 
fibroin, keratin, and collagen. In that work, however, an equilibrium 
period of 72 hours was used, which in later work was found to be too 
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severe and too long in the low and high pH ranges. As a consequence, 
certain modifications of technique and methods were made which now, 
the writers believe, give a true picture of the acid-base-binding capacity 
of collagen over the pH range 0.5 to 13.5. 

Preparation of Collagen Matertal—Goatskins were carefully unhaired 
by being immersed in a solution of calcium hydroxide containing excess 
solid calcium hydroxide for 48 hours. The loosened hair was then care- 
fully scraped off and the skins thoroughly washed with running water. 
After being washed, the skins were placed in a weak solution of acetic acid 
(pH 4), thoroughly delimed, and again washed with running water. After 
such treatment, the skins were dehydrated by means of several changes 
of acetone followed by several washings with aleohol. The dehydrated 
skins were then air-dried for several days and cut into pieces 0.5 by 1.5 
inches. The thoroughly dried and mixed pieces of skin were practically 
ash-free and were the source of the collagen material used for the experi- 
ments outlined in this paper. 


EXPERIMENTAL 


1 gm. pieces of the collagen material were placed in 200 ml. bottles and 
100 ml. of various concentrations of hydrochloric acid or potassium hy- 
droxide were then added. The concentrations were such that at equilib- 
rium the pH values would vary between 0.5 and 13. The bottles and 
contents were then p!aced in a thermostat maintained at 20° for a pre- 
scribed period. After equilibrium had been attained, the equilibrium 
pH was measured by means of a Beckman glass electrode assembly. The 
pieces of treated collagen were then pressed several times at 10,000 pounds 
per sq. inch ina Carver press. After being pressed, the collagen pieces 
were air-dried and ground in a small Wiley mill and were then ready for 
analysis. The hydrogen or hydroxyl ion was determined by a method 
tobedescribed. The total nitrogen was determined by a semimicromethod 
in which 0.1 gm. of the ground material was used. 

The method for determining H*+ or OH~ ion was as follows: 0.5 gm. 
of the ground material was carefully weighed into a 250 ml. Erlenmeyer 
flask. To this were added 50 ml. of distilled water and 10 ml. of 0.1 N 
HCl. The added HCl aids materially in hydrating the acid-treated col- 
lagen and in the case of the alkali-treated collagen neutralizes the fixed 
or bound base and thus converts the protein-base compound into an acid- 
protein compound. This addition of the HCl is essential for correct 
results. After a 2 hour treatment as described, 10 ml. of a potassium 
iodine-potassium iodate solution (containing 200 gm. of KI and 50 gm. 
of KIO; per liter) are added together with 20 ml. of 0.1 N sodium thiosulfate 
and the reagents allowed to react for approximately 2 hours. The excess 
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0.1 N NaS2O; is then titrated back with 0.1 N HCI or 0.1 N iodine solution. 
A blank determination containing all the reagents is run with each set of 
experiments. The volume of 0.1 N NaeS.O3 consumed is then calculated | 


to the H* ion or OH™~ ion fixed per gm. of protein. | 
This method is extremely accurate and is comparatively simple. No | | 
assumptions need be made and the protein used for the experiment need 
not be ash-, acid-, or alkali-free, since only the acid or alkali fixed is meas. 
ured by the method. This method has many advantages over the poten- 
tiometric one, since it can be used for the heterogeneous system (fibrous ( 
protein-acid) and the amount of acid fixed at any hydrogen ion concentra- f 


tion is not a thermodynamic calculation but is an actual quantitative 
determination upon the treated protein. 


Results 


Fig. 1 shows in graphical form two titration curves over a wide pH range. 
These values were obtained by allowing the samples of collagen to attain 
equilibrium with their respective solutions over a period of 72 hours. 
Curve A represents aqueous acid or base solution while Curve B represents 
acid or base solution maintained 0.1 N with respect to potassium chloride, 
Both curves indicate a maximum acid fixation of approximately 0.94 milli- 
equivalent per gm. of protein at pH values less than 1.0 and a maximum 
alkali fixation of approximately 0.46 milliequivalent per gm. of protein at 
pH values greater than 12.8. The curve for the aqueous solutions (Curve | 
A) shows a sharp slope in the pH range 2.0 to 4.2, a broad isoelectric zone 
in the pH range 4.6 to 7.5, a rather broad plateau in the alkali fixation 
range pH 8.0 to 11.0, and a sharp increase in alkali fixation at pH values of 
11.0 to 12.0. Curve B representing salt solutions of acid or base, while 
showing the same maximum acid or base fixation, has an entirely different 
trend in other sections of the curve. This curve shows a much decreased 


slope in the pH range 2.0 to 6.0, a definite isoelectric point at pH 7.6, and . 
a much increased alkali binding in the pH range 8 to 10, with a rather flat ca 
region between pH 10 and 12. 

The analysis of the collagen for arginine, lysine, histidine, aspartic acid, di 
glutamic acid, and tyrosine indicates that there should be a maximum el 
acid fixation of approximately 0.874 milliequivalent per gm. of protein pe 
and a maximum base fixation of 0.348 milliequivalent per gm. of protein. we 
The curves pictured in Fig. 1 show approximately an 11 per cent greater 
value for acid fixation and some 30 per cent greater values for base fixation. __ bs 
The values for maximum acid fixation, however, are approximately those | tic 


obtained by Hitchcock for gelatin. However, with regard to base fixation, th 
the values shown in Fig. 1 are decidedly more in line with analytical data vs 
than those given by Hitchcock (4), by Jordan Lloyd and Bidder (5), and | in 


by Highberger (6). un 
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The displacement of the titration curves with potassium chloride solu- 
tion rather than a mere aqueous solution is undoubtedly due to the fact 
that the salt causes a more uniform diffusion of the acid or base into the 
collagen and can be readily explained by the Donnan membrane equilib- 
rium theory. By using potassium chloride solutions of acid or base, an 
absolute isoelectric point can be attained as shown by Curve B of Fig. 
1. Beek and Sookne (11), Highberger (12), and Theis and Jacoby (13) 
have shown by electrophoretic studies that the true isoelectric point of 
collagen is pH 7.6 to 7.8. However, titration curves for collagen have 
always indicated an isoelectric point approximating pH 5 and it has been 
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Fig. 1. The titration curve of collagen, showing the uncorrected and corrected 
values in the high acid and high alkaline region. The dotted portions of the curve 
show the most probable values of maximum acid- or base-binding capacity of the 


collagen 


dificult to correlate values obtained by this means with those obtained by 
electrophoretic means. Curve B shows rather clearly that the isoelectric 
point given by our present method of obtaining such titration curves agrees 
well with values obtained by electrophoresis studies. 

The writers feel that the method outlined above for obtaining acid or 
base fixation of fibrous proteins is a more dependable one than the poten- 
tiometric method usually employed, since no assumptions are made other 
than that high pressure removes all free electrolyte. However, at pH 
values less than 2 and greater than 12, the writers believe that the data 
indicate greater amounts of acid or base fixed than is actually the case for 
unaltered protein, and that this increase is due to hydrolysis and simplifica- 
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tion of the protein in those pH ranges. Since the data for Fig. 1 were 
for a 72 hour equilibrium period, the writers studied the acid and base 
fixation at pH 0.85 and 12.5 over a period of 100 hours. Curves A and 
B of Fig. 2 show data obtained in this way. Fig. 2 shows clearly that 
hydrolysis occurs after some 20 hours, after which the fixation of acid or 
base increases sharply. Such results indicate that in the more acid and 
in the more alkaline regions a shorter period of reaction must be used. The 
dotted portions of the curve given in Fig. 1 show the most probable values 
of maximum acid- or maximum base-binding capacity of the collagen, 
These maximum values show 0.85 milliequivalent of acid bound per gm, 


of protein and 0.35 milliequivalent of base bound per gm. of protein, 


SM. OF PROTEIN 
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Fic. 2. The increased acid or base binding by collagen due to hydrolysis 


Analytical data given in Table I indicate that 0.874 milliequivalent of 
acid and 0.345 milliequivalent per gm. of protein should be fixed. 


SUMMARY 


A method for determining the acid-base-binding capacity of fibrous 
proteins is given in which free water and uncombined electrolyte are re- 
moved by means of pressure. The acid or base actually fixed with the 
protein is then determined by a modification of an iodometric method. 


The results obtained are well in line with other analytical data. 
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A METHOD FOR THE QUANTITATIVE DETERMINATION OF 
HEMOGLOBIN AND RELATED HEME PIGMENTS IN 
FECES, URINE, AND BLOOD PLASMA* 


By EDMUND BERNEY FLINK anp CECIL JAMES WATSON 


(From the Division of Internal Medicine, University of Minnesota Hospital, 
Minneapolis) 


(Received for publication, August 17, 1942) 


The purpose of the present study was to make available a simple quanti- 
tative procedure for total heme pigments in feces, urine, and blood plasma 
or serum. It was planned to convert these substances to pyridine ferro- 
hemochromogen, which is known to have stronger absorption than other 
easily prepared heme compounds, and to measure this absorption under 
standard conditions with the Evelyn photoelectric colorimeter. 

Stokes (1) discovered the hemochromogen spectrum and Hoppe-Seyler 
2) gave the substance its name. Anson and Mirsky (3) defined a hemo- 
chromogen as a substance containing reduced heme and a nitrogen com- 
pound. Pyridine ferrohemochromogen has absorption bands at 5575 A. 
maximum) and 5270 A. The first band is stronger than that of any other 
heme compound, having an extinction coefficient about one-third greater 
than that of oxyhemoglobin (4). An equilibrium is reached; so that it is 
necessary to have an excess of pyridine in order to complete the reaction (3). 

Hill (5) used a micro spectroscope mounted on a colorimeter to deter- 
mine pyridine hemochromogen concentrations. He compared unknown 
solutions with a standard in order to get information about the equilibrium 
reactions of hemochromogen. Anson and Mirsky (6) also used the micro 
spectroscope and colorimeter for determining the amount of cytochrome 
in yeast. Lemberg and coworkers (7) used the same apparatus to follow 
the course of the coupled oxidation-reduction reaction of ascorbic acid and 
hemochromogens. Roetts (8) described a method of determining the 
content of hemoglobin and related substances in feces, urine, serum, and 
milk by forming pyridine hemochromogen and comparing the absorption 
with that of a standard solution. 


Method 


The following method for determining the content of hemoglobin and related 
heme compounds in feces, urine, and serum or plasma has beendevised. The 
method entails the use of the Evelyn photoelectric colorimeter. A calibra- 


* Aided by grants from the C. P. DeLaittre Research Fund and from the Medical 
Research Fund of the Graduate School, University of Minnesota. 
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tion curve was prepared by making eighteen dilutions of blood ranging 
from 0.06 to 3.0 mg. of hemoglobin in eighteen Evelyn colorimeter tubes. 
To each tube were added 2 ec. of pyridine, 2 ec. of freshly prepared clear 
aqueous 2 per cent NaeS.O,, and enough 10 per cent NH,OH to make up 
the volume to 10 cc. After 5 minutes the galvanometer reading was 
obtained; a 550 my filter and a center setting from a blank tube were used. 
A straight line graph relating the concentration of hemoglobin to the 


TABLE | 
Data jor Calibration Curve for P yridine Fe rrohemochrom wen pill Phot rele clric 


Colorimeter 


Hemoglobin Galvanometer reading Hemoglobin Galvanometer reading 
meg. m 
0.06 97.25 0.6 77.25 
0.12 93.50 0.9 68.0 
0.18 — 91.25 1.2 58.0 
0.24 89.50 1.5 53.0 
0.30 87.25 1.8 16.0 
0.36 85.50 2.1 10.75 
0.42 82.75 2.4 36.75 
0.48 81.50 2.7 32.0 
0.54 78.50 3.0 28.0 
logarithm of the galvanometer reading was obtained. The following 


formula is then used. (See Table I.) 


VM = VL/K, mg. hemoglobin in sample contained in colorimeter tube 
L = (2 — log G@) = L value 

G = galvanometer reading 

V = ce. in colorimeter tube 

K, = 1.843 


Plasma Hemoglobin Content—Obviously plasma must be obtained with- 
out artificially induced hemolysis. Ham (9) recommends the use of a 
clean syringe rinsed with physiological saline, withdrawal of blood with- 
out venous stasis, and gentle emptying of the syringe into a graduated 
centrifuge tube containing 3 per cent sodium citrate solution (about 0.1 
volume). The blood is then centrifuged immediately and the plasma 
withdrawn. (Correction for the volume of citrate must be made by 
multiplying the result of the determination by the volume of supernatant 
fluid divided by the volume of supernatant fluid minus the volume of 
citrate.) 1 cc. of plasma is placed in an Evelyn colorimeter tube. It is 
first diluted with 10 per cent NH,OH to 7.5 ce. and finally to 10 ce. with 
0.5 ec. of pyridine and 2.0 cc. of freshly prepared 2 per cent NaS,OQy. A 
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duplicate tube is set up in a similar manner with 1.0 ec. less NH,OH, thus 
allowing for 1.0 cc. of 3 per cent H,OQ.. The center setting is determined 
on the duplicate after 5 minutes are allowed for decolorization. The 
galvanometer reading of the unknown solution is then determined. The 
hemoglobin content can be calculated readily from the calibration curve 
(Table I). 

Hemoglobin Content of Feces—(1) The total amount of feces is weighed 
and thoroughly mixed, and a small portion of it (1 to 10 gm., depending 
upon the apparent content of hemoglobin or hematin) is weighed in an 
evaporating dish, (2) extracted with ethyl ether or acetone to remove 
fats, (3) acidified with 2 to 4 ec. of 5 per cent HCI and | cc. of glacial acetic 
acid, and (4) extracted four times by thorough grinding with 25 cc. of a 
mixture of 1 part of 95 per cent ethyl alcohol and 4 parts of peroxide-free 
ethyl ether. (5) The extract is decanted, filtered, and then washed with 
water in a separatory funnel. (6) The ether extract is then alkalinized with 
10 per cent NH,OH. The heme pigments separate out quantitatively 
into the aqueous phase during two or three extractions. (7) The extract 
is collected in an appropriate volumetric flask (25 to 100 ec.) and diluted 
to the mark with water. (8) 1 to 2 ec. of the final extract is then placed 
in a colorimeter tube and 2 ec. of pyridine and 2 cc. of freshly prepared 
2 per cent Na S.O, are then added, after which the volume is made up 
to 10 ee. with 10 per cent NH,OH. (A duplicate tube for the center 
setting reading is prepared by decolorization with H.O., as described 
above.) The galvanometer reading and the hemoglobin content of the 
sample are determined and the calculation is made as follows: 

Vv _ volume extract | amount (volume or weight) of specimen 


x = = gm. Hb 
1000 = volume aliquot amount (volume or weight) of sample 6 


Urine Hemoglobin Content—The volume of the urine specimen is deter- 
mined and, depending on the apparent quantity of hemoglobin in the 
specimen, 10 to 100 ec. of urine are placed in a separatory funnel and 
acidified with 5 ec. of 5 per cent HCl. Four extractions with 25 to 30 ce. 
of the aleohol-ether mixture described above are carried out. (Emulsions 
ean usually be broken by adding small amounts of 95 per cent ethyl alco- 
hol.) The alecohol-ether extract is washed once with water, after which 
one proceeds as in the method for feces above. 


EXPERIMENTAL 


Plasma—The plasma of twenty normal individuals contained less than 


7.5 mg. of hemoglobin per 100 ce. Recovery experiments have been 


carried out repeatedly by adding known amounts of blood to plasma. 
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With amounts of hemoglobin from 18.6 to 266 mg. per cent, 
recovery has ranged from +9 to —10 per cent. 
per cent the error has been as high as +25 per cent. See 


the data 
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TaBLe II 






the error in 


For values below 10 mg. 


Table IT fo; 


Recove ry of He moglobin Added to Plas ma, b / Veans of Quantitative Ve thod 


Plasma 


0.5 
0. 


* This value includes from 0 


0 
0 
0 
0 
0 
0 


Hemoglobin ad 


0.064 
0.118 
0.186 
0.234 
0.378 
0.33 
0.50 
0.66 
1.068 
1.17 
1.47 
1.572 


67 


led* Amo 


int determined 


2.66 


on the plasma sample before the hemoglobin was added. 


Plasma Hemoglobin Content in Patients with Tr 


Patient 
L. P. 
A. K 
Cc. 8. 
M. M. 
H. 8. 
M. K. 
A. Kr 


Time after reaction 


1 hr. 

2 hrs. 
30 min. 
30 

1 hr. 

3 hrs. 


v0 
9) 


TaBLe III 
Symptoms and signs 


Chill, 40 
40°, pulse 160 
38.2 
No chill, 37.8 
Chill, 39.4 
“" 98.8 


Fever, red urine (only urobilin 
on test) 


Error 


per cent 


0.3 


01 to 0.03 mg. in plasma as determined by the method 


ans fusion Re actions 


Hemoglobin 


concentration 


mg. per cent 


to 


or bho bo 
to 


Practical application of this method has been afforded chiefly in the 


determination of the presence or absence 


transfusions. 


of hemolysis following blood 


Seven patients with moderately severe chills and fever 


following transfusions were studied (see the data in Table III). Six 
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patients exhibited a plasma hemoglobin content of less than 12 mg. per 
cent. One patient, M. K., developed a chill and fever following a trans- 
fusion of 5CO ec. of citrated blood. She apparently had no more severe 
reaction than the other patients, but her plasma hemoglobin content 3 
hours after the reaction was 125 mg. per cent, and 5 hours after was 75 
mg. per cent. No hemoglobinuria occurred, but jaundice developed in 
12 hours as further evidence of a hemolytic process. It is often very 
difficult to assay the importance of hemolysis in transfusion reactions 
and one must ordinarily rely on the appearance of hemoglobinuria or 
jaundice or both. It would be helpful, therefore, to know shortly after 
the reaction whether or not hemoglobinemia is present; such a determina- 
tion may come to be of considerable importance in prognosis and treatment 
of severe reactions. Simple inspection will serve to detect hemolysis 
when the concentration of hemoglobin is greater than 25 mg. per cent; 
so that one can recognize significant amounts of hemolysis by mere in- 
spection of carefully drawn and separated plasma or serum. It is quite 
likely, however, that much more exact information especially as to progno- 
sis can be gained with the quantitative method. 

A sterile hemoglobin solution was injected on two occasions into a 
patient with aplastic anemia. It was found that hemoglobinuria per- 
sisted after the plasma level of hemoglobin had dropped below 50 mg. 
per cent, but no hemoglobin was excreted after the level dropped below 
30 mg. per cent. The so called renal threshold for hemoglobin in normal 
persons has been found to average about 70 mg. per cent, although various 
authors (10, 11) have found a range of from 37 to over 200 mg. per cent 
see the data in Table IV). 

Feces—-Putrefaction of hemoglobin in the intestinal tract causes varying 
amounts of decomposition. Deuterohematin is one of the products. 
The hemochromogen of deuterohematin has absorption bands at 5450 A. 
and 5170 A. By preparing crystalline deuterohemin (12) and forming a 
calibration curve, it was found that a maximum error of approximately 
20 per cent would result if all hemoglobin were converted to this pigment 
Table V). Snapper and van Creveld state that in occasional samples of 
feces studied by them most of the hemoglobin had been converted to 
deuterohematin. Although we have usually encountered small amounts of 
deuterohematin in feces containing blood, it has never constituted more 
than a small fraction of the total heme pigment present. This statement 
is based simply upon spectroscopic observations. Proto- and deutero- 
porphyrins may also be formed to a minor extent (12-15). The portion 
of hemoglobin which has been converted to porphyrin is not determined 
by this method. 

Recovery experiments have resulted in 75 to 95 per cent recovery of 
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hemoglobin added to stool specimens (Table VI) 
all of the added hemoglobin has not been explained. 
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The failure to recover 
At first it was thought 


that the fraction not recovered had been converted to proto- or deutero- 


porphyrin. 


content of a sample of feces was determined on each of two equ: 


to one of which 60 mg 


10 gm. in 250 ce 


( omparison of 


0.03160 
0.06320 
0.09470 
0.12630 


0.15790 


of the added hemoglobin was but 


Time after inject 


of hemoglobin had been added. 


By means of a Klett fluorophotometer, the total porphyrin 


! amounts, 
Although recovery 


TABLE IV 


Disappearance of Hemoglobin in Case of Aplastic Anemia, after Intravenous Injection 


30 min. 


90 
210 
330 


18 hrs. 


5 min. 


30 
LOO 
ISO 


Re lative 


26 . 20 


, 2 
- — r “nt of in. 
Total hemoglobin Per cent of in 


yn Plasma hemoglobin rine jected hemoglobin 
appearing in urine 
mg. per cent ms. 
107 
92 
12 0.850 8.5 
27 0.025 0.25 
5 0 
Q4 
78 0.30 7.5 
17 
97 0.01 0.25 
TABLE V 


S200 
63.50 
19.50 
10.00 
33.50 


Absorption Inte nsily of Two He moch omogens 


I yhemoc m 
P (ra omete 
reading 
mt mM xX 

0.0227 3.5 83.25 
0.0454 7.0 69.75 
0.0682 10.5 56.00 
0.0909 14.0 18.75 
0.1363 21.0 33.00 


rai per cent, there was no increase in 


fluorescence, indicating that at least no appreciable conversion to porphyrin 


had occurred. 


From a theoretical standpoint the method would be of value in the 


determination 
pounds. 


in the feces, 


of the 
The method is of practical value for determination of blood loss 


whatever 


fate « 


the 


ff ingested hemoglobin or other heme com- 


source 


of bleeding. 


It is often extremely 


difficult, either by inspection alone, or with the aid of the guaiacum and 
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henzidine tests, to know just how much blood the patient is losing from 
day to day. It is frequently difficult to be certain that gastrointestinal 
bleeding is sufficient to account for the degree of anemia observed. It 
would often be helpful to be able to know the loss of hemoglobin in the 
feces per diem. ‘This is frequently much greater or much less than inspec- 
tion would indicate. It is of interest that a patient with a bleeding peptic 
uleer lost 27 gm. of hemoglobin in a 150 gm. stool specimen (equal to more 
than 200 ec. of his blood). A patient with chronic ulcerative colitis and 
mild anemia (12 gm. per cent of hemoglobin) lost 0.2 to 0.8 gm. of hemo- 
globin in her feces daily for a period of 2 weeks. 

Urine Experiments have repeatedly resulted in 95 to 98 per cent 
recovery of hemoglobin added to the urine. Duplicate determinations 


TaBLe VI 


Recovery of Hemoglobin Added to Feces 


Amo int of feces Amount of hemoglobin added Amount recovered 
m. me. gm. 
5 114.0 112.0 
5 45.0 40.0 
} 53.0 42.5 
3 56.0 54.0 
10 2.17 2.5 


have checked satisfactorily. It is believed that the investigation of any 
ease of hemoglobinuria would be facilitated by such a quantitative method. 


SUMMARY 


A method for the quantitative determination of hemoglobin and heme 
pigments in plasma, serum, urine, and feces is described. The principle 
of the method is the conversion to pyridine ferrohemochromogen, followed 
by colorimetric determination with the Evelyn photoelectric colorimeter. 
The center setting is determined with a blank solution in which the hemo- 
chromogen absorption has been eliminated by means of hydrogen peroxide. 
The error in recovery is within 10 per cent for urine and plasma. Experi- 
ments on various samples of feces have resulted in 75 to 95 per 
cent recovery. Any fraction of the hemoglobin converted to proto- or 
deuteroporphyrin is not included. The maximum error that might be 
introduced by conversion to deuterohematin rather than protohematin 
is 20 per cent. Theoretical and practical applications of the method are 


discusses 1. 
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THE DETERMINATION OF CREATININE AND CREATINE IN 
BLOOD AND URINE WITH THE PHOTOELECTRIC 
COLORIMETER 
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Haven, and the Department of Biological Chemistry, Harvard Medical 
School, Boston) 


(Received for publication, September 2, 1942) 


In spite of their biological importance, measurement of creatinine and 
creatine in blood plasma has been uncertain because of the low con- 
centrations in which these substances, especially creatine, appear, and the 
non-specificity of the Jaffe reaction commonly employed for their deter- 
mination. The presence of creatine in plasma has been questioned since 
the work of Wilson and Plass (1), because the increment of color after 
hydrolysis is equivocal when analyzed in visual colorimeters. For this 
reason Wu (2) concluded that the blood of normal adult males contains no 
creatine. It seemed possible that by the use of the photoelectric colori- 
meter, which is peculiarly adapted to the measurement of small changes in 
the color of faintly tinted solutions, greater accuracy in the measurement of 
creatinine might be attained and, thereby, that the presence of creatine 
might be detected and its concentration measured. Such a procedure has 
been devised and the presence, in appreciable and measurable concentra- 
tion, of material that is presumably creatine has been established. The 
procedure is an adaptation of the Folin and Wu (3) colorimetric technique 
to the Evelyn-Malloy (4) photoelectric colorimeter. 


EXPERIMENTAL 

A procedure based on these principles has been employed by Horvath 
5) and another is described by the manufacturers of the photoelectric 
colorimeter.! For the calculation of the results the manufacturer pro- 
poses the formula z = 1000L/K2, where Ke = 6.9 and L = 2 — log C, 
in which C represents the galvanometer reading and z, the creatinine in 
mg. per cent. The curve obtained by this formula did not, however, 
agree with the results obtained from the analysis of standard solutions of 
creatinine and creatine. This is shown in Fig. 1. 

For purposes of standardization solutions of creatinine zine chloride 
and creatine were used. Both were checked by analysis for nitrogen by 
the macro-Kjeldahl procedure and in addition it was ascertained that after 


Rubicon Company, Philadelphia. 
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hydrolysis the color reaction given by creatine was equal to that givep 
by an equivalent amount of creatinine zinc chloride which had been syb- 
jected to identical treatment, including the hydrolysis. Hydrolysis was 
effected by autoclaving the solutions at 15 pounds pressure for 20 minutes, 

In the original Folin and Wu technique a saturated solution of picrie 
acid was used. In some earlier studies Welt? found that it was impossible 
to duplicate in summer the curves he had defined in the winter with stand- 
ard creatinine solutions. This he attributed to the fact that the solubility 
of picric acid varied greatly with temperature (a saturated solution contains 
12.2 gm. per liter at 20°, 63.3 gm. at 100°). This was verified in the present 
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Fic. 1. Curves showing results of analysis of 1:10 and 1:5 tungstic acid filtrates 


of standard creatinine and creatine solutions and of aqueous solutions of creatinine 
9 


as well as the calculated curve derived from the formula x = 100 (2 log 6)/6.9 


Creatine values are expressed in terms of creatinine. 


study. Therefore, instead of a saturated solution, a solution containing 
11.75 gm. of picric acid per liter was adopted. This is just sufficiently 
unsaturated to avoid any danger of precipitation at ordinary laboratory 
temperatures. It is advisable to keep the solution stoppered in a com- 
paratively cool place to prevent evaporation. 

With this modification it proved feasible to measure creatinine in serum 
with ease and accuracy. By means of standard solutions of creatinine 
zine chloride, a curve was drawn which is depicted in the top curve of 
Fig. 1. This curve has been repeatedly checked for 4 years upon one 
colorimeter by means of standard solutions and has proved constant. 


2 Welt, L. G., unpublished studies (1937). 
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On the other hand, it proved inapplicable to a second instrument, ostensibly 
identical. It is, therefore, necessary to construct a calibration curve for 
each instrument. It will be noted that the curve plotted on semiloga- 
rithmic paper is rectilinear within the limits of accuracy of the procedure 
with concentrations of creatinine only up to 5 mg. per cent. Above this 
it diverges perceptibly from linearity. This divergence has been repeatedly 
verified on two instruments. The reason for the curvature can only be 
conjectured. It is suspected that it is referable to the bicolorimetric 
character of the determination (as the color produced by creatinine in- 
creases, the color from the alkaline picrate decreases) and the fact that the 
spectral interval of the filter does not permit precise enough discrimination 
between the two colors. This curvature limits readings to the range of 
| to 5 mg. per cent in 1:10 filtrates. This spans, however, the most ac- 
curate reading range of the colorimeter. 

In the original technique of Folin and Wu, for creatine, since hydro- 
chloric acid is added as a dehydrating agent, readings are finally made in a 
1:20 dilution, only one-half as concentrated as that used for creatinine. 
Since normal serum may contain as little as 1 mg. per cent of creatinine 
and only a fraction of 1 mg. per cent of creatine, it is obvious from the 
calibration curve of Fig. 1 that this would bring the readings for creatinine 
and creatine into the range in which the colorimeter is insensitive. With 
1:10 filtrates creatinine can be read accurately only in concentrations of 
lto5 mg. per cent. An attempt was, therefore, made to use 1:5 tungstic 
acid filtrates in which the ratio of serum to tungstate was the same as it 
was in the conventional 1:10 filtrates. The lowest curve in Fig. 1 de- 
scribes the reading on 1:5 filtrates. It will be seen that the object was 
not achieved by this method, since readings can be made accurately only 
in the range of 2 to 5 mg. per cent. This would be equivalent to 1 to 2.5 
mg. per cent in 1:10 filtrates. It will be noted that the curve is again 
rectilinear only over this range. It was established that the concentrations 
of tungstic acid could be varied 100 per cent without affecting the color 
developed in the Jaffe reaction. It is, therefore, permissible, if the con- 
centration of creatinine in serum is greater than 5 mg. per cent, to double 
the dilution with water at any stage of the procedure to bring the colori- 
metric readings within the practicable range of the instrument. 

In an effort to discover whether the tungstic acid had any effect on color 
development, blanks and standards made up in solutions of tungstate of 
the concentrations found in plasma filtrates were compared with blanks 
and standards made up in distilled water. In the creatinine procedure 
tungstate proved to have no effect on the intensity of the color developed. 
When the same test was applied to the creatine procedure, a precipitate 
formed during autoclaving in all tungstate filtrates to which hydrochloric 
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acid was added. This was insoluble in alkaline picrate, rendering readings 
meaningless, owing to interference with the transmission of light by the 
precipitate. No such precipitate formed in filtrates of plasma subjected 
to the same procedure, presumably because the plasma contained sufficient 
buffer to modify the effect of the acid. To obviate this difficulty smaller 
amounts of acid were added. This led to the discovery that at autoclave 
temperatures, in tungstate filtrates, creatine was dehydrated completely 
without the addition of acid. This simplified the procedure and at the 
same time eliminates the necessity of determining creatine and creatinine 
in different dilutions. The completeness of dehydration and the accuracy 
with which creatine can be determined are both illustrated in Fig. 1, 
in which the circles representing measurements of creatine fall sharply 
on the 1:10 creatinine curve. It is also evident from this coincidence 
that the color produced by creatinine is not modified by autoclaving. 


Method 


The analytical procedure finally adopted is essentially that of Folin 
and Wu (3) adapted to the Evelyn colorimeter. Only two important 
modifications have been introduced: the use of a more dilute picric acid 
solution and the omission of hydrochloric acid for the dehydration of 
creatine. The same method has been adapted to the analysis of urine. 

Preparation of Urine—Folin’s (6) original methods for the determination 
of urinary creatinine and creatine were designed to take advantage of the 
high concentrations of these compounds in urine and the consequently 
deeper colors they yielded with alkaline picrate. Such deep colors are, 
however, unsuited to the photoelectric colorimeter. In attempts to apply 
the Evelyn instrument to the original technique it was found that standard 
creatinine solutions yielded inconsistent results. As the photoelectric 
colorimeter is most accurate with low concentrations of color, and because 
of the obvious advantages of using the same technique for both blood and 
urine, the method evolved for analysis of serum has been applied directly 
to urine. 

The variability of concentrations of creatinine and creatine in urine pre- 
sents obvious difficulties, since the range in which colors can be read is 80 
restricted. This obstacle was surmounted by Tierney* by the expedient 
of diluting all urines to the same specific gravity. The following procedure 
has, in the great majority of instances, yielded concentrations of creatinine 
and creatine within the limits which can be read with the colorimeter. 

The urine, whether a 24 hour or a fractional specimen, is first measured 
(V), then diluted to a specific gravity of 1.010, and again measured (V4). 


3 Tierney, N. A., to be published. 
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Of the diluted urine, 5 cc. are again diluted to 100 cc. in a volumetric flask. 
if the specific gravity of the original urine was less than 1.010, the first 
dilution is omitted and an aliquot appropriately greater than 5 cc. is 
diluted to 100 ce. in the volumetric flask. The urine thus finally diluted 
ig analyzed by the procedure described below. 

Reagents— 

1. An N/12 sulfuric acid solution. 

2. A 10 per cent solution of sodium tungstate. 

3. A picric acid solution, each liter of which contains 11. 75 er. of picric 
acid which has been purified according to the directions of Folin and 
Wu (3). 

4. A carbonate-free 10 per cent solution of sodium hydroxide. 

Analytical Procedure—F¥or duplicate measurements of both creatine 
and creatinine, 5 cc. of serum or of the diluted urine are placed in a flask,o 
followed by 40 cc. of N/12 sulfuric acid and 5 ce. of sodium tungstate 
wlution. After thorough shaking the mixture is filtered (in urines con- 
taining no protein in which no precipitate appears filtration may be 
omitted). Of the protein-free tungstic acid filtrate, 8 cc. are measured 
into each of four of the special colorimeter tubes, while 8 cc. of water are 
measured into a fifth tube to serve as a blank. The mouths of two of the 
four tubes containing filtrate are covered with tin-foil and the tubes are 
autoclaved at 15 pounds pressure (115-120°) for 20 minutes. At the end 
of this period the tubes are removed from the autoclave and allowed to 
col. The alkaline picrate solution is then prepared by adding 1 volume 
of 10 per cent sodium hydroxide to 5 parts of the picric acid solution. The 
alkaline picrate solution should be made up not longer than 5 minutes 
before it is to be used, as a flaky precipitate forms in it rather rapidly. 
Although this dissolves readily when the picrate is added to the tungstate 
filtrate, it makes proper measurement of the solution difficult. 

To the contents of each of the five tubes (the two which have been 
autoclaved, the two containing unautoclaved filtrate, and the water blank) 
are added 4 cc. of the alkaline picrate solution. The tubes are set aside 
for 20 minutes to permit complete development of color, before colori- 
metric readings are made. Readings need not be made immediately after 
this interval, however, as the color remains unchanged for at least 2} hours. 
After the color has been developed, the readings are made in the colorimeter 
with a 520 yy filter (transmission 495 to 550 wu; Rubicon glasses Nos. 3522, 
4306, and 5032). The blank tube is first introduced and, with this in 


| place, the galvanometer is set at 100. The colors of the other tubes are 


then read in the usual manner. 
Calculations—The galvanometer readings are converted to terms of 
creatinine by interpolation on a curve constructed by plotting readings 
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‘ 


). Reagents 
should be checked from time to time by analyses of standard solutions. 


obtained from standard solutions of creatinine zine chloride ( 


If creatine solutions are employed, the determinations must be made op 
the day the solutions are prepared, because creatine solutions are quite 
unstable. The curve for creatinine is conveniently graduated in terms of 
mg. per cent of creatinine in the original specimen. The difference be. 
tween the readings of the autoclaved and unautoclaved specimens 
represents creatine in terms of creatinine. This is converted to creatine 
by multiplying by the factor 1.16. 


TABLE I 
Creatinine and Creatine Added to Serum 
Added Recovery Error Total error 


Creatinine Creatine* 
(1.35 mg. (0.89 mg 


‘reatinine ‘reatinet ‘reatinine Creatine Creatinit reati 
per cent per cent Creatinine Creatine Creatinine reatine reatinine Creatine 
originally) | originally) 
mg. per ceni| mg. per cent | mg. per cent meg. per ceni per cent per cent per cent per cent 
2 0 3.25 t.39 3.0 +17 3.0 +3.5 
0 1.9 1.50 3.95 | +7.5 7 +7.5 —4.6 


* Expressed as creatinine. 
t Expressed as creatine + creatinine. 


The following formulas may be used to calculate the concentrations and 
amounts of creatinine and creatine in urine, 


V2 X100XC 


: = Y = mg. creatinine in 100 cc. of original specimen 
V Xa 
VxX | | 
= gm. creatinine in total specimen ot urine 
100 
where a = the aliquot of the diluted urine, in cc.; V = the volume of the 
undiluted urine in liters: and V, = the volume to which the urine was 


diluted to bring its specific gravity to 1.010. 

If the reading of creatinine (or creatine + creatinine, expressed in terms 
of creatinine) on the curve exceeds 5 mg. per cent, in the analysis of plasma 
or urine either a smaller aliquot must be taken or the tungstic acid filtrate 
must be diluted with water before analysis. Ordinary 1:10 or even 1:5 
filtrates, diluted with equal volumes of water, give readings that are 
proportional to the dilution. 

The total error of colorimeter readings, as judged by the analysis of 
standard solutions of creatinine and of creatine + creatinine, is slightly 
less than 4 per cent over the range of 1 to 5 mg. per cent, as is evident from 
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the data represented in Fig. 1. The error in measurement of creatine added 
to creatinine is somewhat greater, amounting at times to as much as 10 
per cent, because, since creatine is measured by difference, it incurs a 
double error. Creatinine added to human sera may be recovered quanti- 
tatively. The instability of creatine renders its recovery somewhat less 
reliable. However, in analyses after such additions, at least 80 per cent 
of creatine was recovered as creatine, and at least 95 per cent as creatinine 
+ereatine. An example of such an analysis is givenin Table I. The error, 
within concentrations thus far encountered in serum, does not exceed 0.1 
mg. per cent. 

A series of analyses of individual and pooled human sera gave values 
of 0.9 to 1.7 mg. per cent for creatinine. A small series of analyses of 
normal human sera gave values averaging 0.3 mg. per cent for creatine. 
In pooled sera from the clinical laboratory as much as 1.1 mg. per cent was 
found. Analyses of urine of normal adult males yielded values for cre- 
atinine within the generally accepted limit. No creatine could be detected 
insuch urines, although it was found in certain pathological urines. This 
is at variance with the reports of Dill and Horvath (8). 

The method has been employed for a vear in the chemical laboratory 
of the Department of Internal Medicine of the Yale University School of 


Medicine and has given consistent results. * 
DISCUSSION 


Though the presence of creatinine in the blood serum of humans had 
been definitely established for some time (9-12), creatine was present, if 
at all, in such low concentrations that its determination was impossible 
by optical colorimetry. Therefore, the availability of a method sufficiently 
sensitive to detect the presence of definite quantities of “‘apparent creatine”’ 
should open up avenues of exploration in a hitherto inaccessible field. 
Since a large percentage of the chromogens present in the cells of blood is 
presumably not creatinine (11), no attempts have been made as yet to 
apply the method to whole blood. At the present time definite evidence 
that the serum chromogens obtained by hydrolysis of tungstate filtrates 
awe actually creatine is lacking, and the application of enzymatic methods 
to blood such as have been employed in tissues (13) is to be desired. How- 
ever, presumptive confirmatory evidence that the “apparent creatine”’ 
lound in the serum by this method actually is creatine has been recently 
lurnished in this laboratory by the discovery that its concentration in 
persons with creatinuria is definitely elevated. * 

The urine method presented here does not represent a theoretical ad- 
vance from previous procedures employing optical colorimeters (6), but 
does possess the advantage of simplicity and somewhat increased accuracy. 
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SUMMARY 


The Jaffe reaction for the determination of serum creatinine is adapted 
for use with the Evelyn-Malloy photoelectric colorimeter, with a constant 
strength of picric acid solution. 

In the measurement of creatine, conversion to creatinine is accomplished 
by autoclaving without the use of hydrochloric acid acidification. 

The method can be applied to the analysis of urines, with the same reg. 
gents and calibration curve that are used in the analysis of serum. 

The total colorimetric error is 4 per cent of theoretical. 

Creatinine added to serum is recovered quantitatively. 

0.9 to 1.7 mg. per cent of creatinine was found in normal and pooled 
human sera. 

Definite amounts of creatine, averaging 0.3 mg. per cent, were found ip 
normal human sera. 

The amounts of creatinine and creatine found in urine were consistent 
with the findings of other observers. 


The author wishes to express his indebtedness to Miss Pauline M. 
Hald whose advice and assistance have proved invaluable. 
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THERMODYNAMIC PROPERTIES OF SOLUTIONS OF 

AMINO ACIDS AND RELATED SUBSTANCES 
VIII. THE IONIZATION OF GLYCYLGLYCINE, e-AMINOCAPROIC 
ACID, AND ASPARTIC ACID IN AQUEOUS SOLUTION FROM 
ONE TO FIFTY DEGREES* 
By ELIZABETH R. B. SMITH ann PAUL K. SMITH 
(From the Laboratories of Physiology and of Pharmacology, Yale University School 
of Medicine, New Haven) 


(Received for publication, August 5, 1942) 


The effect of temperature on the thermodynamic ionization constants 
of compounds with dipole moments greater than those of the a-amino 
acids has not heretofore been studied. In this paper results are given for 
glyeylglycine and e-aminocaproic acid, two substances with similar dipole 
moments. Measurements are also included for aspartic acid, which has 
recently been studied at 25° in cells without liquid junction (1). 


Methods and Materials 


The glveylglycine and ¢-aminocaproic acid were from samples used in 
earlier studies (11). 

The dl-aspartic acid was purchased from Amino Acid Manufactures. 
It was recrystallized twice from hot water and dried over phosphorus 
pentoxide. 

The preparation of the hydrochloric acid, sodium hydroxide, and sodium 
chloride solutions is described in an earlier paper (12) as is the preparation 
of the electrodes (13). 

RESULTS AND DISCUSSION 

The equations for calculating the ionization constants of glycylglycine 
and e-aminocaproic acid are the same as those employed for the other 
amino acids (7, 12, 13). 

The electromotive force of a buffer solution of a monoaminomono- 
carboxylic acid and hydrochloric acid is related to the first acid ionization 
constant by the equation 


, YHAH* 
pK, = log 
YH* YHA 


(E — Ey)nF mci- — myt+ 
= ——— . log mci~ + log ¥434+7-4- + lo (1) 
2.3026R7 HY "Cl S mA — mci- + myt 


* Aided by a grant from the Fluid Research Fund of the Yale University School 
of Medicine. 
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Buffer solutions of amino acid, sodium hydroxide, and sodium chloride 
vield electromotive force measurements related to the second acid ioniza. 
tion constant by the equation 


YA (E — E,)nF | mA — MNaOH + MOH 
7 7 = “pamapT * log mci- + log 
YHA+7CI 2.3026R7 MNaOH — MOH 


pK, + log 
The equations necessary for the calculation of the aspartic acid cop- 
stants are more complicated, since the first two acid constants are suffi- 
ciently close together so that the effect of one on the other cannot. be neg- 
lected. For the first acid constant, from the equation representing the 
total amino acid, 7',, as being present in solution in four possible forms, 


Py = pant + ™yaqt + Mya- + M,- (3) 
the equation for electroneutrality 
my AH? + Myt+ = M- 4 Mira- + Mon (4 
and the equilibrium constant 
mH+MHAH+ VH*YHAH+ . 
Ky -_ \0 
mH2,AH* YH2AH* 


the following equation may be derived, since the concentrations of m,- 
and of mpy- may be neglected in the acid solutions. 
, mci- — m+ + MHA- YH2AH* ? 
my+ = K, a . 6 
Ta — mci- + my+ — 2mHA- YH*+YHAH# 

When this equation for the hydrogen ion concentration is combined 
with that for the E.m.F. of the cell, in which the experimental data may be 
directly substituted, 

(E — E,)nF a 


—log myt+ = 2 3026RT + log mc- + log YH+7%c) i 
«.0U20 


the following useful equation may be derived. 


, YH,AH* (E - E,)nF 
pK, — log = ~—— 
YHt YHAH+ 2.3026R7 
mec — myt+ + mH, 
+ log Moy + log YH+7c) + log — l H MHA g 
Ta — mci- + myHt+ — 2mHA 


Of the unknown values on the right-hand side of Equation 8 those for log 

YH+Yci- may be obtained from the data of Harned and Ehlers (4). By 

assuming an approximate value for Ke, values of mypR- may be obtained 

from Equations 3 and 4 and Equation 10 (in which activities are neglected 

combined to give 

K's(Ta — mo- + mH*+) @ 
myt+ + 2K, 


mHA~ = 
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By combining the equation for the second acid constant 


myH+-mHA-~ YH+7HA- 
K; = (10) 
MHAH+ YHAH#+ 


with that representing the total amino acid in all its forms, Equation 3, 
and that for electroneutrality 


mMH,AHt + myH+ + MNat = MHR- + MOH- (11) 
an equation for the hydrogen ion concentration is obtained 


TA — mMNat — mH+ — 2mH,AH+ YHAH+ 
mMH,AH+ + ™NaOH + MH+ YH*+ YHA 


myt = Kz (12) 
in which the concentrations of m,- and moyq- may be neglected. The 
value for my,+ is equivalent to that of my,oq, since the my,+ from the 
sodium chloride may be canceled by the equivalent mc,-. By combining 
Equation 12 with the other equation for the hydrogen ion concentration 
Equation 7) and placing the results in logarithmic form, Equation 13 is 
obtained. 
7 YHAH (E — Ey)nF 
pK; — log -_= ; + log mc)- 
YH+ YHA- 2.3026RT 
Ta — MNaOH — MH+ — 2mH,AH+ 


+ log y +¥a- + log : (13) 
H Cl MNaOH + mHt+ + MH,AH* 


The equation for calculating my,4q+ may be obtained by combining 
Equation 5 with Equations 3 and 11 to give 
my+(T4 — mH+ — mNaOH) 


m + = 14 
H2AH K. + Sua? (14) 


The equation for the third constant 


. myH+ma~ YHt YA~ 
Ks = : (15) 
mHA~ YHA~ 
can be combined with Equation 3, in which my,,4q+ and myay+ may be 
neglected in alkaline solutions, and the equation for electroneutrality, 


MNat + my+ = mya- + MOH- + 2m,a~ (16) 


in which the molality of the hydrogen ion may be neglected, as the solutions 
are alkaline and my,+ represents the molality of the sodium from the 
sodium hydroxide, to give an equation for the third constant 


myu+(mnaOH — TA — moH-) YH+ YA- 


(17) 
2T4 — mNaOH + MOH- YHA- 


Ks = 


Me 
i . 
‘: 
4 
a 
} iy 
4 
} 


f 
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which may be placed in logarithmic form and combined with Equation 7 


to give Equation 18. 





E — E,)nF 2T, — MNaOH + MOH 
pK; = +. log mci- + log a= 
2.3026R7 MNaOH — 74 — MOH 
YH* Yci- YHA 
+ log 18 
YH* Ya= 
TABLE | 
Experimental Data Used in Determining First Acid Ionization Constants of 
Glycylglycine, e-Aminocaproic Acid, and Aspartic Acid 
Molality Observed E, corrected to 1 atmosphere Ha, at 
Experiment , , > ¢ 
ps — — HC! 1.0 . £).U 50.0 
Glycylglycine 
0.02883 0.01835 0.5004 0.5038 0.5075 0.5111 0.5140 
0.03089 0.01823 0.5042 0.5083 0.5118 0.5155 0.5177 
0.03156 0.01952 0.5005 0.5037 0.5076 0.5109 0.5136 
0.03919 0.02198 0.5024 0.5058 0.5096 0.5135 0.5165 
0.04540 0.02792 0.4926 0.4949 0.4983 0.5016 0.5038 
0.06146 0.03209 0.4969 0.4999 0.5037 0.5075 0.5103 
0.08803 0.04774 0.4870 0.4895 0.4929 0). 4957 0.4981 
e-Aminocaproic acid 
0.03200 0.01781 0.5719 0.5785 0.5852 0.5927 0.6003 
0. 08882 0.02259 0.5641 0.5707 0.5770 0.5844 0.5918 
0.04830 0.02700 0.5638 0.5689 0.5755 0.5828 0.5900 
0.05862 0.03305 0.5587 0.5643 0.5705 0.5776 0.5846 
0.08642 0.04853 0.5512 0.5557 0.5619 0. 5686 0.5752 
Aspartic acid 

0.03138 0.01776 0.4598 0.4616 0.4625 0.4627 0.4620 
0.02956 0.01839 0.4572 0.4586 0.4592 0.4594 0.4581 
0.04066 0.02091 0.4577 0.4585 0.4592 0.4593 0.4584 
0.03904 0.02244 0.4528 0.4538 0.4544 0.4540 0.4528 
0.04676 0.02609 0.4492 0.4498 0.4500 0.4490 0.4501 
0.05906 0.03233 0.4432 0.4436 0.4436 0.4428 0.4416 
0.07689 0.04145 0.4371 0.4370 0.4367 0.4348 0.4306 


In the last term of Equation 18, the logarithm of the activity coefficient 
of each ion may be represented by the Debye-Hiickel term — Az*Y uv + f(y) 
in which A is the theoretical Debye-Hiickel constant, z the valence of the 
ion, and f(z) denotes a function of the ionic strength that need not be 
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evaluated. If these equivalents are substituted in Equation 18, the final 
| term becomes 2A+/y + f(u). This may be used in evaluating the equa- 
| 





~I 


TABLE II 


Experimental Data Used in Determining Second Acid Ionization Constants of 
Glycylglycine, e-Aminocaproic Acid, and Aspartic Acid and Third Acid 


18) Ionization Constants of Aspartic Acid 
Molality Observed E, corrected to 1 atmosphere He, at 
Experimental = 40H NaCl 1.0° 12.5° 25.0° 37.5° 50.0° 


substance 
Glycylglycine 


0.01485 | 0.00838 0.00773 0.8437 0.8429 0.8422 0.8410 0.8389 
0.01941 0.01083 0.01000 0.8369 0.8366 0.8353 0.8338 0.8314 
0.02396 0.01289 0.01233 0.8302 0.8290 0.8275 0.8254 0.8224 
0.03146 0.01627 0.01663 0.8210 0.8196 0.8175 0.8149 0.8117 
0.04418 0.02333 0.02241 0.8150 | 0.8134 0.8110 0.8085 0.8052 


) 
e-Aminocaproic acid 
) 
) 0.01662 0.00847 0.00808 0.9826 0.9831 0.9829 0.9819 0.9798 
4 0.02006 0.01044 0.00994 0.9790 0.9895 0.9792 0.9779 | 0.9762 
3 0.03172 0.01690 0.01540 0.9705 0.9714 0.9705 0.9688 0.9666 
0.04404 0.02400 0.02189 0.9642 0.9642 0.9635 0.9620 0.9597 
| Aspartic acid, pK, 
3 | 0.01980 0.00977 0.00914 0.5645 0.5691 0.5739 0.5786 0.5837 
. 0.02467 0.01192 0.01146 0.5589 0.5632 0.5677 0.5722 0.5767 
) , 0.02685 0.01268 0.01125 0.5586 0.5624 0.5671 0.5714 0.5759 
5 0.03029 0.01669 0.01571 0.5579 0.5617 0.5660 0.5706 0.5753 
2 0.04476 0.02373 0.02093 0.5487 0.5520 0.5559 0.5594 0.5639 
Aspartic acid, pK; 
) 0.01560 0.02377 0.00647 0.9268 0.9320 0.9373 0.9420 0.9465 
i 0.01560 0.02356 0.00650 0.9259 0.9309 0.9360 0.9406 0.9447 
{ ) 0.01779 0.02474 0.00703 0.9131 0.9178 0.9221 0.9261 0.9297 
" 0.02134 0.03066 0.00854 0.9119 0.9173 0.9219 0.9257 0.9295 
1 0.02045 0.03185 0.00735 0.9267 0.9319 0.9373 0.9420 0.9461 
p ().02488 0.03592 0.01040 0.9076 0.9119 0.9163 0.9201 0.9239 
6 0.03116 0.04769 0.01150 0.9131 0.9175 0.9221 0.9260 0.9297 
0.04469 0.07016 0.01162 0.9161 0.9205 0.9248 0.9284 0.9315 
| 
ent |. . . 
(,) | ton, but the slope is much greater than if values for —log yq+vci- are 
Se (see : ot} 5 ) 
the sed (see Equation 15). 


ned The compositions of the buffer solutions and the observed potentials 
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are recorded on Tables I and II. Fig. 1 illustrates the plot at 25° of the 
right-hand sides of the final equations for pki, pKe, and pK; (Equations 
1, 2, 8, 13, and 18) against the ionic strength up. For pK; of aspartic aeid 
plots are given with both 2Ay and —log yy+yc)- as the final term of 
Equation 16. The intercepts at 0 ionic strength are pk), pKe, and pk, 
respectively. A summary of these values appears in Tables III and [V. 


? 
oa 


Fig. 1. A plot of the right-hand side of the appropriate equation against the ionic 
strength. The intercept at 0 ionic strength is pK;, pK., or pK;. Curve 1 represents 
pK, for glycylglycine; Curve 2, pK, for e-aminocaproic acid; Curve 3, pK, for aspartic 
acid; Curve 4, pK, for aspartic acid; Curve 5, pK, for glycylglycine; Curve 6, pK, 
for e-aminocaproic acid; Curve 7, pK; for aspartic acid with —log y,,, y,)- as the fina| 
term of Equation 18; Curve 8, pK; for aspartic acid with 24/4 as the final term | 


of Equation 18. 


The values for pK; of aspartic acid are from Equation 18 with values for 
The values for the other thermodynamic ) 


The’ 


—log YH+Yci- In pure solution. 
functions are calculated by the equation of Harned and Embree (5). 
results are presented in Tables III to V. val 

The data at 25° for glyeylglycine (pK, 3.15, pK» 8.25) are similar to the | py 
pK’ values found by Simms (10) (pK’; 3.12, pK’: 8.07) and Neuberger (6 asp 
(pK’; 3.08, pK’, 8.26). The values for pK, and pK, of ¢-aminocaproic acid | of | 
are similar to those found by Edsall and Blanchard (3) (pK’, 4.43, pK’ apt 
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10.75) and are not far from those of a simple aliphatic acid and of an amine 


This has been discussed by Cohn (2) who suggested that the 
proximity of a peptide bond in glycylglycine causes both the pK; and pK. 


TABLE III 


Thermodynamic Functions for Ionization of Glycylglycine, «e-Aminocaproic Acid, 


pK, 


AF; 
AH 
AS, 


pK, 


AF, 
AH, 
AS, 


pK. 


AF; 
AH, 
AS 


3.201 

3.201 
4033 
1190 
—10.4 


4.420 

+. 404 
5523 
S18 


17.2 


122 


) 
_ a 128 


+. 006 

t OO4 
5021 
1761 

11.9 


and Aspartic Acid 


12.5 25.0° 


Glycylglycine 


3.166 3.148 
3.166 3.146 
4140 4291 
862 391 
—11.5 —12.9 


e-Aminocaproic acid 


4.387 4.373 
4.384 4.376 
5860 5965 
459 —8 
—18.9 — 20.0 


Aspartic acid, pK, 


2.054 1.990 

2.057 1.995 
2686 2720 
2094 1783 

2.1 —3.1 


Aspartic acid, pK, 


3.944 3.900 

3.952 3.910 
5165 5335 
1448 1110 

13.0 —14.2 


37.5° 


3.148 
3.141 
4463 
—128 
—14.8 


4.384 
4.384 
6230 
— 561 
—21.9 


1.945 

1.948 
2769 
1373 


3.878 
3.883 
5518 
619 
—15.8 


* Values calculated from the equation of Harned and Embree (5). 


50.0° 


3.148 
3.159 
4670 
—736 
—16.7 


4.410 
4.408 
6512 
— 1204 
—23.9 


1.907 
1.917 
2835 
889 
—6.0 


values to be more acid than in a dipolar ion of similar length with only 


methylene groups between the charged groups. 


The values at 25° for 


aspartic acid (pk, 1.99, pKe 3.90, pK; 10.00) may be compared with those 


of Batchelder and Schmidt (1) (pK, 2.01, pKe 3.90, pK 9.84). 


appreciable discrepancy is in pK3;. The values for pK; in Fig. 1 have been 
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ACIDS 


obtained by two simple applications of the Debye-Hiickel equation. The 
uncertainty in the extrapolation by the two methods is shown in Fig, | 


IV 


TABLE 


The rmodynamic Functions jor Ionization of Glycylglycine, € Aminocaproic Acid 


and Aspartic Acid 


1. 12.5 25.0 


Glycylglycine 


pK 8.944 8.594 8.252 
Ss 8.938 8.598 8.254 
AF, 11,210 11,240 11,260 
AH, 10,610 10,660 10,600 
AS, 2.2 2.0 2.0 
e-Aminocaproic acid 
ph, 11.666 11.244 10.804 
“8 11.662 11.234 10.804 
AF, 14,645 14,670 14,740 
AH, 13,120 13,390 13,560 
AS, 5.6 1.5 1.0 
Aspartic acid, pK 
pk; 10.604 10.304 10.002 
“ 9 10.596 10.299 10.006 
AF 3. 280 13,450 13,650 
All; 9 , 280 9 , 220 9,025 
AS 14.6 14.8 15.5 


* Values calculated from the equation of Harned and 


TABLE \ 


Vari ma of 


Glycylglycine, e-Aminocaproic Acid, and A 


Substa t pk mas " pK — 
Glycylglycine 3.141 24.8 6.558 
e-Aminocaproie acid 1.376 68.6 8.024 
Aspartic acid 1.900 52.2 3.873 


These values are appreciably higher than Batchelder and Schmidt obtained 


; 


11,290 

10,400 

9 

10 

10 

14,790 

13,620 

3 

‘) 

) 

13,850 

8.695 

16 
Embree 
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948 


943 


106 
103 


pK 


11, 3 


10, 


-- 


Acid Ionization Constants and Te mperatures of Maximum Toni 


Acid 


50.0 


10.036 
10.034 


, 820 


3,550 


—3.9 


9.512 
9.506 
060 


» 220 


18.1 


zation of | | 


136.0 








with a modification of the Debye-Hiickel equation suggested by Simms (9). 


The reason for this difference is not apparent. 
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Pitzer (8) has pointed out that the ionization of a fatty acid in water 
R-COOH + H.O = R-COO- + H,;0* 


is always accompanied by a large decrease in entropy, about —22 electro- 
static units per mole, due chiefly to the reorientation of water molecules 
around the charged ions. The work on the a-amino acids (12, 13) showed 
that AS, for these compounds is much lower, about —7 electrostatic 
ynits, since the charge on the adjoining —-N H;* group opposes the orienta- 


‘tion of water molecules around the —COO™ group. The data on e-amino- 


eaproic acid give AS, near —20 electrostatic units, a decrease almost as 


| great as that found in an unsubstituted fatty acid, showing strikingly the 


effect of the increased distance between the ammonium and carboxyl group.! 


SUMMARY 


The thermodynamic ionization constants of glyecylglycine, ¢e-amino- 
eaproic acid, and aspartie acid have been determined from 1-50°. The 
values for the derived thermodynamic functions have been calculated. 


We are indebted to Professor D. I. Hitchcock for advice and criticism. 
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DETERMINATION OF THE OXYGEN CONTENT OF SMALL 
QUANTITIES OF BODY FLUIDS BY POLAROGRAPHIC 
ANALYSIS 


By H. K. BEECHER, R. FOLLANSBEE, A. J. MURPHY, anv F. N. CRAIG 


(From the Anesthesia Laboratory of the Harvard Medical School at the Massachusetts 
General Hospital, Boston) 


(Received for publication, August 20, 1942) 


Polarographic analysis was originated by Heyrovsky about 20 years ago. 
It is based upon the observation that when an electrolyte solution is elec- 
trolyzed in a cell composed of a dropping mercury electrode and a second 
non-polarizable electrode a current-voltage curve is obtained which is 
characteristic of both the nature and concentration of the electrooxidizable 
or electroreducible substances present. The basic theory and the limita- 
tions of the method have been extensively studied by Kolthoff and Lingane 
and reported in their recent monograph (6). Factors often neglected in 
quantitative polarography have been discussed recently by Kolthoff (5). 

The adaptability of the polarograph! to the study of oxygen was uti- 
lized by Vitek (11); he found it suitable for determination of the con- 
centration of oxygen in technical gases. Ingols (4) has used the method 
to measure the oxygen content of activated sludge, and Manning (8) has 
determined oxygen concentration at various depths in lake water. 
Petering and Daniels (9) have reported the special adaptability of the 
technique to the study of photosynthesis and the respiration rates of micro- 
organisms. 

Our concern with the polarograph (generally applicable to the deter- 
mination of concentrations down to 10~* m) has been to apply it to the 
determination of the oxygen content of small quantities of body fluids, 
since other existing methods for measuring the quantity of dissolved oxygen 
are generally unsatisfactory in this case, either because of the small quan- 
tities of fluid available or the low concentration of oxygen present (the 
Yan Slyke method often cannot be employed under these circumstances), 
or due to the complicating presence of organic material (the Winkler 
method (12) is unsatisfactory in this case), or due to the presence of re- 


' After the present study had been submitted for publication, our attention was 
talled to a recent article by Berggren (1) in which he has applied two methods to the 
letermination of physically dissolved oxygen in arterial blood, first, an evacuation 
method, a further development of the technique of Van Slyke and Neill (10), and, 
second, a polarographic method. He found the error of the polarographic method 
to be about half the error of the evacuation method. 
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198 OXYGEN CONTENT OF BODY FLUIDS 
ducing substances (the Brinkman and van Schreven method (2) is unsatis. 
factory when these are present). 

The polarographic determination of oxygen has several advantages over 
classical methods, the most important of which are its accuracy at low 
concentrations and its ready adaptability to small samples. 
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Fic. 1. Line diagram showing the arrangement of the electrical circuit used 
Cell refers to the dropping mercury electrode cell shown in Fig. 2; G;, a Leeds and 
Northrup galvanometer No. 2284, used for measuring the current produced; R,, 
resistance used to decrease the sensitivity of G,; S3, a tapping key; G2, a Leeds and 
Northrup galvanometer No. 2420-C used as a null galvanometer to standardize the 


potentiometer; S.C., an Eppley standard cell; S,, a monopole double throw switch |} 


allowing connection of the potentiometer to either the standard cell or the dropping 
mercury electrode; S:, a switch for closing the battery circuit; Rj), a calibrated 
resistance which controls the quantity of voltage applied; 22, an adjustable resistance 
used to standardize the potentiometer (R, and R, constitute a Leeds and Northrup 
type K potentiometer); battery, two No. 6 dry cells used to supply the voltage 


Methods 


A manual type of polarograph was assembled from ordinary laboratory 
apparatus. Fig. 1 shows the diagram of the electrical circuit. Two dry 
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cells and a type K potentiometer? provide a known variable electromotive 
force to the cell, while a galvanometer of optimum sensitivity measures 
the resulting current. 


——— 
i9 
b em 4 
20 
2! 
-p 


Fig. 2. Arrangement of the dropping mercury cell and external reference electrode. 
1, leveling bulb with mercury used for drawing in and expelling the sample analyzed; 
2, rubber connecting tube; 3, water bath with thermoregulator; 4, copper wire con- 
tact (anode); 5, rubber stopper; 6, saturated potassium chloride; 7, mercurous 
chloride ; 8, platinum wire inserted in the anode tube for connection with the calomel 
half-cell; 9, mercury; 10, agar-salt bridge; 11, sintered glass disk; 12, 60 cm. glass 
stand-tube; 13, capillary with 0.05 mm. bore; 14, mercury seal; 15, rubber tubing 
seal; 16, mercury drop in the reaction chamber; 17, cell chamber ending in a 2 mm. 
capillary to minimize the area of the interface between the mercury and the solution 
to be analyzed; 18, copper wire contact (cathode); 19, rubber stopper; 20, leveling 
bulb with mercury used to maintain a constant pressure on the dropping mercury 
capillary; 21, platinum wire inserted in the cathode tube for connection with the 
mercury leading to the capillary; 22, rubber connecting tube; 23, 3-way stop-cock 
(1 mm. bore). 
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Fig. 2 shows the arrangement of the cell we have found to be most suit- 
able for the determination of the oxygen content of small quantities of body 


? If a potentiometer is not available, a simple resistance arrangement is satisfac- 
tory. 
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fluids. The cell is an adaptation of the type employed by Lingane and 
Laitinen (7). We have arranged the cell for determinations on smal] 
quantities of fluid without contact with the air. The inclusion of a suitable 
reference electrode is of great importance, all too often neglected in polaro- 
graphic measurement. We have followed the suggestion of Lingane in 
this regard and have employed an outside standard half-cell, with a saty- 
rated calomel electrode. This is also recommended and discussed in 
recent paper by Kolthoff (5). The standard half-cell is connected with 
the electrolysis cell by means of an agar-salt bridge (3 per cent agar in 
saturated potassium chloride) as shown in Fig. 2. It is replaced after about 
every five or six experiments. This bridge, of course, adds resistance which 
has to be considered when the relationship between current and potential 
is studied (Kolthoff and Lingane (6) p. 137). 

The cell is kept in a constant temperature bath, maintained at 25° + 0.5°; 
variations in current due to temperature fluctuation are then kept below 
+1 per cent. The volume of the electrolysis chamber was arbitrarily 
chosen as approximately 1.0 cc., since this was convenient for our proposed 
use of the method. This volume can be made larger or probably smaller, 
depending on the quantity of fluid available. 


Preparation and Use of Apparatus 


We have so far studied lymph and blood plasma. The method should 
be applicable to other body fluids, provided they do not contain substances 
other than oxygen that are reduced at the dropping electrode in such a 
way as to interfere with the interpretation of the polarogram being studied, 

Galvanometer—The sensitivity of the galvanometer used should be deter- 
mined. This can be done as described by Kolthoff and Lingane ((6) p. 
228). At maximum sensitivity the galvanometer we used registers 1 mm. 
of deflection for every 9.6 X 10-* microampere of current. When the oxy- 
gen determinations were made, a resistance shunt was attached to the 
galvanometer. In this case the galvanometer registered 1 mm. for every 
9.4 X 10°? microampere. The period of the galvanometer with the re- 
sistance shunt attached was 15 seconds. 

Capillary—*‘Marine barometer tubing” supplied by the Corning Glass 
Works provides a satisfactory capillary. This tubing has a bore of about 
0.05 mm. and an outside diameter of 6.0 mm., and we used it in 6.0 em. 
lengths. A constant pressure on the mercury at the capillary orifice was 
obtained by raising the mercury in the stand-tube (/2 in Fig. 2) to the 
desired level. This height was chosen arbitrarily as one which would 
provide the optimum rate of mercury drop formation; that is, 1 drop in 3 
to 6 seconds. This level was then marked and maintained constant 
throughout the life of the capillary. With the fluids we have used, it has 
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heen necessary to replace the capillary after every five to seven experi- 
ments. Slowing in the rate of the mercury dropping can be corrected for 
within certain limits by recalibration of the capillary; however, when the 
rate becomes slower than 1 drop in 6 seconds, the capillary is discarded. 

Before and after each use, the capillary tip is cleaned by dipping it first 
in distilled water to remove as much proteinaceous material as possible 
so this will not coagulate at the orifice, then by dipping it in concentrated 
nitric acid, and then in water again. The mercury flow through the 
capillary should never be allowed to stop during this cleaning process. 

To time the rate of the mereury drop formation, lower the capillary 
tube into the cell which has been filled with distilled water. Adjust the 
height of the mercury reservoir so that the arbitrarily chosen level is main- 
tained. Without applying any voltage, observe the time required for 10 
drops of mercury to fall. Repeat this, and check the time; so that observa- 
tions agree within 0.1 second per drop. If the agreement is not this close, 
reclean the capillary tip with concentrated nitric acid. Cleaning of the 
capillary tip with nitric acid is usually necessary only at the beginning and 
end of a series of determinations. 

To leave the dropping mercury electrode overnight, disconnect the galvanom- 
eter and attach the shunt provided. Leave the capillary standing in air. 
The mercury level in the reservoir tube can be lowered so that the rate of 
dropping will be reduced to zero, but we have found that the life of the 
capillary is prolonged if mercury is allowed to flow continuously. In any 
ease, the mercury should never be allowed to recede from the capillary tip. 
Leave the electrolysis chamber full of distilled water; but adjust the mer- 
cury level so that it is just above the sintered glass disk. This protects the 
calomel electrode from diffusion of water through the agar. 

To Determine the Quantity of Oxygen in Solution the Procedure Is As 
Follows—Connect the anode to the calomel half-cell and the cathode to the 
mercury in the capillary tube (the polarity should be reversed for certain 
electrooxidizable substances). Attach the resistance coil shunt to the 
galvanometer. Adjust the level of the mercury to a fixed mark in the 
standing reservoir above the capillary. Clean the capillary tip. Rinse 
the electrolytic cell well with distilled water. Determine the drop time. 

Raise the leveling bulb so that the cell is filled with mercury; then insert 
the mercury-filled capillary into the cell. Recheck the mercury level in 
the stand-tube over the capillary. Make certain that no air bubbles are 
trapped in the cell and that there is a complete ring of mercury on top of 
the rubber tubing that holds the capillary tube in place. This is tested by 
applying a slight negative pressure. Draw the sample to be analyzed into 
a mercury-filled “‘blood sampling tube’ and quickly connect this to the 
3-way stop-cock in the cell. Open the stop-cock to the outside air and 
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expel a bit of the sample. Open the stop-cock to the cell and admit the 
sample. The sample should be drawn in until the mercury level is at the 
bottom of the reaction chamber (see 1/7, Fig. 2). If only an unusually 
small volume of fluid is available for analysis, the capillary can be lowered 
into the cell as far down as the mid-point of the sintered glass disk. It js 
important that the sample to be analyzed remain in contact with mercury 
as short a time as possible (see the section on the collection of material to 
be analyzed). 

Close the stop-cocks, both in the cell and in the sampling tube, making 
certain at the time of closure that the leveling bulbs are adjusted to insure 
atmospheric pressure on the solution in the cell. Detach the sam- 
pling tube. 

Set the potentiometer to apply 0.5 volt and read the galvanometer to 
tenths of a mm. scale division. The galvanometer oscillations which occur 
with each formation and fall of the mercury drop are averaged and the 
mean is taken as the correct value. If the swing is greater than 10 mm. 
or if the mid-point of the swing shifts, conditions are not satisfactory 
and must be checked. Break the contact and repeat the determination 
just made. The two values should check within 1 per cent. 

To remove the sample from the cell, expel it through the capillary side 
arm by displacement with mercury. If the sample is needed for calibra- 
tion, it is more saving of it to withdraw the dropping electrode from the 
cell and remove the sample with a pipette. 

To Determine Calibration Curve for Oxygen Dissolved in Lymph or Other 
Body Fluids—When the entire current-voltage curve of a solution con- 
taining oxygen is obtained, as shown in Fig. 3, the current first increases 
rapidly then levels off for a time. It rises once more and then levels off 
again. The first plateau represents the reduction of oxygen to hydrogen 
peroxide and the second, the complete reduction to water. 

The current registered by the galvanometer at any applied voltage on or 
between the two oxygen plateaus is proportional to the concentration of 
oxygen in the solution; therefore the practice of reading the current at only 
one voltage is followed. However, it is best to choose a point on one of the 
plateaus, since there the rate of increase in current per unit of applied 
E.M.F. is least; thus any error resulting from accidental voltage shifts is 
reduced to a minimum. In this set of experiments, the voltage chosen was 
that found at the mid-point of the oxygen to hydrogen peroxide plateau, 
0.5 volt, Ea.. versus saturated calomel electrode. 

Since the current produced is known to vary directly with the concen- 
tration of dissolved oxygen, two points are adequate to establish the curve 
relating current to dissolved oxygen. (Several calibration curves were 
constructed by measuring a number of known oxygen concentrations. A 
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straight line relationship resulted in each case.) To establish the calibra- 
tion curve, we have arbitrarily chosen zero concentration of oxygen and the 
oxygen concentration when the material being analyzed (lymph) was 
saturated with room air. 

The room air sample was prepared by introducing about 2 cc. of 
lymph into a 20 cc. volumetric pipette. This resulted in a very shallow 
layer (a few mm. in depth) of lymph in the bulbous part of the pipette. 
Room air saturated with water vapor was then blown through the pipette 
over the solution. The pipette was gently rolled for 15 minutes at 25°, 


MICROAMPERES 
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Fig. 3. Current-voltage curves of lymph showing typical ‘‘oxygen waves.”’ The 
ibscissa shows the applied voltage with the saturated calomel electrode (S.C. £.) 
as the anode and the dropping mercury capillary (d.e.) as the cathode. The ordinate 
represents microamperes. Curve 1 is for dog lymph saturated with room air. Curve 
2is the residual current of this lymph after the oxygen has been removed with sodium 
sulfite. 


afresh sample of air being blown through it from time to time. (10 minutes 
were established experimentally as adequate time for equilibration within 
the limits of error of the method.) 

Zero concentration of oxygen was obtained by removal of the oxygen 
with sodium sulfite. This agent can be used only with solutions having 
a pH higher than 6.5. Negative catalysts which interfere with the sulfite 
reaction are present in some types of solutions. Their absence must be 
established. Sodium sulfite was added to a small amount of lymph to make 
a1 per cent solution. The vessel was shaken, the surface of the lymph 
covered with oil, although this was probably not necessary with the sulfite 
present, and the sample set aside for 10 minutes to allow time for the re- 
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actioh to Oecur. This method of removing oxygen by sodium sulfite js 
simpler, quicker, and more complete than is equilibration with a stream 
of nitrogen (Kolthoff and Lingane (6) p. 310). 

From these data, the calculation of the unknown oxygen concentration 
may proceed in two different ways. A calibration curve can be con- 
structed by plotting the current found in the lymph containing sodium 
sulfite as zero oxygen concentration and the current in the lymph equili- 
brated with room air (20.94 per cent O.). From a straight line drawn 
between these two points, the solution containing an unknown oxygen 
concentration is read as a function of the current produced. 

However, without construction of a calibration curve the unknown 
oxygen concentration can be calculated by employing the Ilkovie equation, 
tg = kC} in which 7, is the diffusion current corrected for the residual 
current and C is the observed galvanometer reading less the current in 
the oxygen-free (treated with NaSO;) solution; & for the capillary (drop 
time and pressure remaining constant) is established by relating 7,/C for 
the sample equilibrated with room air. By means of this value of k, C1, the 
concentration of the unknown, is determined. 

To Collect Material to Be Analyzed ‘The method of collecting and 
storing the samples of body fluid to be analyzed for oxygen was studied 
with considerable care. Collection over mercury was found to be unsatis- 
factory. Lymph showed a steadily decreasing oxygen content when 
allowed to stand over mercury. This is possibly due to the reaction of 
mercury with the chloride ions to form mercurous chloride, oxygen being 
reduced in the process (see Furman and Murray (3)). In the case of lymph, 
catalysts may possibly be present to speed up the reaction. 

Collection of the lymph under mineral oil also has hazards, as there is a 
diffusion gradient across the oil tending to establish equilibrium between 
the sample and the outside air. The rate of diffusion, however, is slow. 
We have found that the resultant error could be reduced to a negligible 
minimum by taking precautions as follows: The samples to be analyzed were 
collected under mineral oil and the approximate oxygen concentration de- 
termined. Oil was then equilibrated with oxygen at this tension. This oil 
was then used to protect the samples used for the accurate determination 
of the oxygen concentration. 

The material to be analyzed was collected in long (12 cm.), narrow (8 
mm.) bore tubes. At the beginning of collection such a tube was filled 
with the oil which had been equilibrated with oxygen at the approximate 
tension of the sample to be analyzed. The sample was added at the 
bottom. The top oil which had come into contact with the room air was 
displaced as the sample was added. An oil barrier at least 2 or 3 em. high 


3 Kolthoff and Lingane ((6) p. 59). 
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was maintained between the sample and the room air. The sample was 
withdrawn from the bottom of the tube and the top several mm. which had 
been in contact with the oil were discarded. 

The sample was iced to diminish the oxygen consumption of the few 
cells present in the case of lymph. These were centrifuged off as soon as 
possible, since the collection of lymph is rather slow. The oxygen concen- 
tration was determined immediately after an adequate sample had been 
collected. 

TABLE I 


Oxygen in Gas Mixture Determined with Haldane Apparatus and Dropping Mercury 
Electrode 


Dropping mercury Dropping mercury 


Haldane apparatus pars dome Haldane apparatus glocteode 
per cent per cent | per cent per cent 
29.8 28.5 | 11.9 | 13.0 
20.9 21.5 | 10.1 9.5 
20.9 21.1 | 9.0 10.0 
20.9 21.0 | 9.0 7.0 
20.9 20.7 6.4 6.8 
15.1 15.4 | 4.8 | 4.0 
14.4 14.0 | 4.5 3.9 
12.2 12.7 3.5 5.6 


Accuracy of Method 

To check the accuracy of this method the following procedure was carried 
out. Lymph from dogs was equilibrated at 25° with various oxygen- 
nitrogen mixtures. 5 cc. of lymph were rotated in a 50 cc. tonometer. 
A given gas mixture was saturated with water vapor at 25° and then passed 
through the tonometer. Under these circumstances equilibration within 
the experimental limits of the analytical method occurred in 10 minutes; 
however, each equilibration procedure was carried out for 15 minutes. 
The following consecutive samples were examined in random order. The 
operator of the dropping mercury electrode did not know the oxygen 
content of the gas mixture that had been equilibrated with the lymph 
being examined. The Haldane determination is of course direct and 
the dropping mercury electrode indirect. Room air oxygen was taken 
as the standard for calibration. The oxygen percentage of the gas mixture 
in equilibrium with the lymph was found in the various cases to be as 
shown in Table I. 


SUMMARY 


Polarographic analysis has been adapted to the determination of low 
tensions of oxygen in small quantities of body fluids. 
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We wish to acknowledge our indebtedness to Dr. James J. Lingane for 
many helpful suggestions during the course of this work. 
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THE NON-UTILIZATION OF LACTIC ACID BY THE LACTATING 
MAMMARY GLAND 


By ROSS C. POWELL, Jr.,* anp J. C. SHAW 


(From the Department of Dairy Industry, Storrs Agricultural Experiment Station, 
Storrs, Connecticut) 


(Received for publication, July 20, 1942) 


Following the reports of Graham (3) and Shaw, Boyd, and Petersen 
(6) it has been generally accepted that the lactating mammary gland 
utilizes lactic acid. These reports were based on arteriovenous differences 
in which it was found that the mammary venous blood usually contained 
less lactic acid than the arterial blood. 

The arteriovenous lactic acid differences reported are extremely variable, 
especially for the goat. Graham’s data on goats show the relatively high 
average utilization of 16.7 mg. per cent with a range of 0.1 to 57.9. The 
arterial values appear unusually high, averaging 58.0 mg. per cent with a 
range of 10.0 to 134.3. The data of Shaw et al. on cows were also variable, 
showing a mean utilization of 3.64 mg. per cent with values ranging from a 
negative utilization of 1.55 to a positive utilization of 10.42 mg. per cent. 
The arterial values varied from 3.93 to 19.46 mg. per cent. 

It appeared advisable to attempt to obtain more nearly constant lactic 
acid differences which might be expected to be more representative of the 
normal metabolism of the gland. It was suspected that the large varia- 
tions previously observed were due primarily to excitation of the animal 
during the drawing of the blood samples. Accordingly a reexamination 
was made of the réle of blood lactic acid in milk secretion in which the 
usual method (Shaw and Petersen (7)) was used to determine whether the 
animal had been unduly disturbed during the drawing of the blood samples. 


EXPERIMENTAL 


The arterial and mammary venous blood samples were drawn as in 
previous experiments, the samples being collected in oxalated vessels 
containing ammonium fluoride and chilled in ice water. Lactie acid 
determinations were conducted immediately after the samples were drawn. 
The method of Miller and Muntz (5) as modified by Koenemann (4) and 
Barker and Summerson (1) was used for lactic acid. Hemoglobin was 
determined by the method of Evelyn and Malloy (2). 

* The experimental data in this paper are taken in part from a thesis presented by 
Ross C. Powell, Jr., in partial fulfilment of the requirements for the degree of Master 
of Science in Dairy Industry, University of Connecticut, Storrs Agricultural Ex- 
periment Station. 
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The results of thirty-four experiments on cows are shown in Table J. 
All animals showing changes in mammary blood concentration in excess 
of 0.5 per cent were considered as unduly excited. In seventeen experi- 
ments, falling in this category, there was an apparent mean utilization of 
2.40 mg. per cent of lactic acid. The standard error of 0.70 demonstrates 
that this difference is highly significant. However, in seventeen experi- 
ments in which the blood concentration changes were 0.5 per cent or less, 


TABLE [| 


Arteriovenous Lactic Acid Differences in Lactating Glands of Cows As Related 
to Arteriovenous He moglobin Concentration 


The values represent blood lactic acid measured in mg. per cent 


Changes in Hb concentration in excess of 0.5 


Changes in Hb concentration, 0.5 per cent or less per cent 
Cow No Arterial Venous Difference Cow No Arterial Venous Difference 
] 9.1] 7.9 ‘2 i 11.0 6.0 5.0 
2 6.7 6.3 0.4 7 5.4 6.8 1.4 
3 5.9 5.6 0.3 S 5.9 t.1 1.8 
5 1.8 1.9 0.1 16 14.6 5.2 9.4 
9 6.8 6.7 0.1 17 8.6 5.3 a 
i0 5.6 5.4 0.2 18 8.0 5.8 2.2 
C-] 11.1 11.0 0.1 19 7.4 1.0 3.4 
C-2 10.4 9.0 1.4 20 8.3 6.3 2.0 
C-3 10.0 13.2 3.2 C-2 11.4 10.1 L.3 
S-2 11.1 9.0 2.1 C-2 11.4 10.7 0.7 
S-3 7 6 64 0.5 C-2 12.4 13.3 0.9 
K-2 1.9 +.4 0.5 C4 10.0 8.6 1.4 
K-1 2.6 3.2 0.6 K-5 14.6 9.8 1.8 
K-3 6.4 6.4 0.0 K-6 10.6 6.9 3.7 
K-4 8.6 6.6 2.0 S-1 10.6 13.0 2.4 
K-2 7.2 1.6 2.6 S-1 11.0 6.0 5.0 
K-6 5.6 1.2 1.4 S-4 10.0 8.3 es 
Average 7.29 6.77 0.52 + 0.32 10.07 7.66 2 40 + 0.70 


indicating little or no excitation, the mean utilization of lactic acid was 
only 0.52 mg. per cent. The standard error of 0.32 shows that this differ- 
ence is not statistically significant. Therefore, it appears that the reported 
utilization of lactic acid is only an apparent utilization due to excitation. 
The mean arterial concentration of lactic acid in the group showing 
evidences of excitation was 10.07 mg. per cent, whereas that of the un- 
disturbed group was only 7.29 mg. per cent. 

That the active mammary gland does not normally use blood lactic acid 
was further confirmed by experiments on animals under nembutal anesthe- 
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sia. Three cows and a goat were anesthetized by injecting nembutal 
intravenously. 

From 8 to 10 gm. of nembutal were required to keep a cow weighing 
approximately 1200 pounds completely anesthetized for a period of 45 
minutes. Usually an initial intravenous injection of from 4 to 5 gm. was 
given, after which an additional gm. was injected every 15 minutes. The 
goat was anesthetized with 2 gm. of nembutal injected intravenously. 
An additional gm. was injected intraperitoneally to keep the animal an- 
esthetized for the required period. Two consecutive arteriovenous lactic 
acid differences were determined on each animal at the time intervals 
indicated in Table II. In each of the four experiments there was an 
apparent utilization of lactic acid when the animals had been anesthetized 


TABLE II 


Arteriovenous Lactic Acid Difference in Lactating Glands of 
Animals under Anesthesia 


ie waitin Difference in Blood lactic acid 
Animal No. onnatiosin arteriovenous Hb 

concentration Arterial Venous Difference 
min per cent mg. per cent mg. per cent mg. per cent 

Cow 1 15 0.00 13.0 8.3 4.7 

18 0.00 10.0 8.3 1.7 

2 13 0.00 11.2 7.7 3.5 

55 0.00 7.4 —0.3 

3 13 2.08 19.4 11.7 Pe 

38 0.00 8.0 8.3 —0.3 

Goat 1 20 0.00 7.8 5.2 2.6 

30 0.00 5.3 4.8 0.5 


for 20 minutes or less. However, the arteriovenous difference was not 
significant when the samples were taken after the animals had been 
anesthetized for periods of 30 to 55 minutes. In each case there was a 
substantial decrease in the lactic acid in the arterial blood as the period of 
anesthesia increased. These data support the suggestion that the utiliza- 
tion of lactic acid reported previously was not a true utilization but rather 
an apparent utilization associated with excitation. 
DISCUSSION 

It is believed that the apparent utilization of lactic acid with excitation 
is due to a sudden increase of lactic acid in the blood in which there is a 
rapid diffusion of lactic acid into the glandular tissue, resulting in a tempo- 
rary disproportion in the lactie acid concentration of the blood traversing 
the mammary gland. 
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It is apparent that changes in the concentration of lactic acid in the blood 
traversing the gland provide an even more sensitive indication of disturb. 
ance to the animal than changes in hemoglobin concentration. The data 
in Table I show that the arterial level of lactic acid was occasionally higher 
than the venous level even though the hemoglobin concentration change 
was not in excess of 0.5 per cent. This probably indicates a mild degree of 
excitation resulting in a slight increase in the lactic acid of the blood which 
was not reflected in the mammary venous blood because of the rapid 
diffusion of lactic acid into the glandular tissue. The disturbance was 
not sufficient, however, to affect the concentration of the blood passing 
through the gland. The lactic acid of the arterial blood flowing into the 
gland is so markedly affected by excitation that the disproportion between 
the arterial and venous blood is undoubtedly due primarily to the sudden 
change in the concentration of lactic acid in the arterial blood. As con- 
siderable time must elapse before the blood lactic acid returns to normal, 
it is not surprising that lactic acid continues to pass into the mammary 
tissue for some time following the initial excitation of the animal. 


SUMMARY 


Blood lactic acid is not normally utilized by the lactating mammary 
gland. The utilization previously reported was apparently due to excita- 
tion of the experimental animals and is not believed to represent a true 
utilization. 

The average lactic acid content of arterial biood samples drawn from 
seventeen cows, without any appreciable disturbance to the animals, was 


7.29 mg. per cent. 
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LIPID OXIDASE STUDIES 
Il. THE SPECIFICITY OF THE ENZYME LIPOXIDASE* 





| By ROBERT J. SUMNER 
(From the Division of Chemistry, New York State Agricultural 
Experiment Station, Geneva) 


(Received for publication, August 29, 1942) 


It was observed by Sumner and Sumner (1) that the so called “carotene 
oxidase,’ found in soy beans, oxidized carotene only in the presence of 
unsaturated fats. This observation was later confirmed by the inde- 
pendent investigations of Tauber (2). The oxidizing factor was identified 
as the enzyme lipoxidase, the existence of which was first noted by André 
and Hou (3). 

The object of this work was to determine the effect of this enzyme on 
various unsaturated compounds, in order to establish the structure or 
structures for which the enzyme is specific. "The unsaturated compounds 
used were those available commercially or those easily prepared from 
natural sources. 

EXPERIMENTAL 

The unsaturated compound under investigation was dissolved in alcohol 
or acetone, this solution was diluted with 20 parts of water, and the result- 
ing colloidal suspension was treated with an aqueous extract of fat-free 
soy bean meal. 

The effect of the enzyme extract on the unsaturated compounds was 
measured by means of a colorimetric determination of the amount of 
peroxidation produced (4). These organic peroxides proved capable of 
oxidizing ferrous iron, and the ferric iron formed was determined as the 
thiocyanate with the aid of a photoelectric colorimeter. The maximum 
peroxidation obtained in each case was calculated as the percentage of 
theoretical total peroxidation for the compound. The calculations were 
based on the following relationship (5). 

-CH—CH— + 2Fe*+ + 2H* —— —CH—CH + 2Fe*** 
a | | 
oO -O O O 

H H 


Allyl aleohol, an unsaturated alcohol possessing one double bond and 3 
carbon atoms, was not peroxidized by lipoxidase. Nor was any peroxida- 
tion observed when the determinations were repeated with mesityl oxide, 

*Approved by the Director of the New York State Agricultural Experiment Sta- 
tion for publication as Journal Paper No. 509, May 9, 1942. 
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a 6-carbon unsaturated ketone, or with linalool, an unsaturated tertiary 
alcohol, 3,7-dimethyloctadiene-1, 6-ol-3. | 

Since the enzyme showed no activity toward this heterogeneous group 
of structures, several fatty acids were tried. 

Oleic acid was peroxidized by the soy bean extract, maximum peroxida- 
tion having been obtained in 5 minutes. The value for the maximum was 
found to be 16 per cent of the theoretical. Elaidic acid, the trans isomer 
of oleic acid prepared from it by the action of nitrous acid, was not peroxi- 
dized. 

Erucic acid, the cis form of the unsaturated acid having a double bond 
in the 13-14 position, was not affected by the soy bean extract. 

Linoleic acid was peroxidized with great rapidity, the maximum value 
being over 90 per cent of the theoretical total peroxidation of one double 
bond, or over 45 per cent of the theoretical total for both double bonds, 
Linoleic acid is unsaturated at carbon atoms 9 and 12, and is the higher 
melting form, indicating a cis configuration. 

The oleic, erucic, and linoleic acids were purchased from a chemical 
supply house. 

a-Eleostearic acid, the czs isomer possessing conjugated unsaturation 
in the 9, 11, and 13 positions, proved to be susceptible to enzymic peroxida- 
tion. The activity was of the same order as that shown by oleic acid. 
The total peroxidation was the same as that obtained with oleic acid, the 
maximum value being about 16 per cent of theoretical for one double bond, 
but only about 5 per cent of the possible peroxidation on the basis of three 
double bonds. The maximum was attained in 10 minutes. This com- 
pound was prepared from China wood oil, according to the method of 
Thomas and Thomson (5). 

Linolenic acid, triply unsaturated in the 9, 12, and 15 positions, was 
peroxidized very rapidly, the effect being similar to the results obtained 
with linoleic acid. Less time was required to reach maximum peroxidation, 
but the extent of the reaction was about the same, the maximum value 
being 95 per cent of the theoretical value for the total peroxidation of one 
double bond. The linolenic acid was prepared from a mixture of the fatty 
acids distilled from linseed oil. The ether-insoluble hexabromide was 
isolated and treated with zine dust and acidified methyl alcohol. The 
methyl ester was saponified, the soaps were acidified, and the organic acid 
was extracted with ether. Evaporation under a vacuum yielded linolenic 
acid as a pale yellow liquid. The iodine number (Hanus) was 261. 

The action of the enzyme on glycerides of the unsaturated fatty acids 
was demonstrated by using technical triolein and an unrefined preparation 
of the acid-free glycerides of linseed oil. (These glycerides were peroxidized 
at the same rate and to the same extent as were the corresponding 


crude fats. 
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DISCUSSION 


The reaction with oleic acid shows that the enzyme will peroxidize :« 


| double bond of the czs configuration in the 9-10 position, while the fact 


that no peroxidation is produced with erucic acid suggests a specificity for 
the 9-10 position. The absence of activity toward elaidiec acid indicated 
that lipoxidase is stereospecific, requiring the cis configuration of the 
double bond. 

The presence of an additional isolated double bond greatly increases both 
the rate and the extent of the peroxidation, as is shown by the work with 
linoleic acid. However, a compound containing three isolated double 
bonds, linolenic acid, was peroxidized to the same degree, and at a slightly 
increased rate. This indicates that the effect of added isolated double 
bonds in a fatty acid showing unsaturation in the 9-10 position is merely to 
increase the reactivity of that position, since an increase in peroxidation 
would be expected in the case of the linolenic acid were more than one 
double bond attacked. That this acceleration is not produced by the 
presence of conjugated unsaturation is shown by the diminished effect on 
a-eleostearic acid. 

SUMMARY 

The relative effect of lipoxidase on various unsaturated compounds was 
investigated. The results of this work indicate that the enzyme is most 
effective on the structural group 

—CH=CH—CH,—CH=CH—(CH,);COOH 


the double bond nearer the carboxyl group being probably of the cis 
configuration. 

These results agree in part with the observations of Spoehr, Smith, 
Strain, and Milner (6, 7). These workers, in a preliminary report of 
independent investigations on this problem, found the fat-peroxidizing 
enzyme to be effective on compounds similar in structure to oleic acid. 
They did not report the relative specificity described in this work. How- 
ever, their method of operation, in which the measurement of oxygen 
absorption by unsaturated compounds was employed, involved a system 
vastly different from the aqueous suspensions used in this study. 
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Il. THE RELATION BETWEEN CAROTENE OXIDATION AND THE 
ENZYMIC PEROXIDATION OF UNSATURATED FATS* 
By ROBERT J. SUMNER 


(From the Division of Chemistry, New York State Agricultural 
Experiment Station, Geneva) 


(Received for publication, August 29, 1942) 


Sumner and Sumner (1) demonstrated that the oxidation of carotene 
by an enzyme from the soy and other beans is dependent upon the presence 
of unsaturated fats. These unsaturated fats are converted into peroxides 
by the enzyme lipoxidase (2) and the carotene is oxidized simultaneously. 
Later Tauber (3, 4) suggested that the carotene oxidation was brought 
about by the action of fat peroxides on carotene. At first sight Tauber’s 
proposal appears credible. However, evidence offered in this paper and 
in the earlier work (1) proves that the mechanism is quite different. 


EXPERIMENTAL 


Linseed oil was highly peroxidized by stirring violently with aqueous soy 
bean meal extracts and the peroxidation of the product was then deter- 
mined by centrifuging off the oil, adding glacial acetic acid, chloroform, 
and saturated aqueous potassium iodide, and titrating the free iodine with 
thiosulfate. When carotene suspensions were stirred with this peroxidized 
fat, there was a decolorization of the carotene only after several hours. 
Various media were employed, including aqueous suspensions and heavy 
fat emulsions. 

Since peroxidized fats have little immediate action on carotene, it 
remained to be shown that there exists in soy bean meal no enzyme which 
catalyzes the oxidation of carotene by fat peroxide. It was observed that 
highly active preparations of horseradish peroxidase could indeed catalyze 
the oxidation of carotene by peroxidized fat, but that this reaction pro- 
ceeded very slowly. The following experiment attests that soy meal 
contains no other enzyme capable of transferring oxygen from peroxidized 
fat to carotene. 

Solution A—To 5 mg. of fresh linseed oil in 5 ec. of acetone were added 
100 cc. of water, 5 ec. of phosphate buffer of pH 6.5, and 2 ee. of soy meal 
extract (1 gm. of meal in 50 ee. of water). The suspension is then allowed 
to stand for 5 minutes to permit the fat to become peroxidized. 

* Approved by the Director of the New York State Agricultural Experiment Sta- 
tion as Journal Paper No. 510, May 9, 1942. 
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Solution B—This is the same as Solution A, but without any soy meaj 
extract. 

After the 5 minute period 2 cc. of soy meal extract were added tp 
Solution B and 5 cc. of carotene in acetone were added to both suspen. 
sions. In Solution B the carotene was completely decolorized in 4 minutes, 
while in Solution A the carotene was decolorized in 35 minutes. 

From this experiment it is obvious that the rapid oxidation of carotene ig 
brought about neither by the direct action of fat peroxides nor by the inter. 
vention of an enzyme which carries oxygen from the fat peroxides to 
carotene. It appears instead that oxidation of unsaturated fat must be 
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Fig. 1. Effect of preoxidation of unsaturated fatty acid on carotene oxidation, 
Fig. 2. Effect of the presence of carotene on the enzymic oxidation of unsat- 
urated fat. 


occurring if the rapid oxidation of carotene is to be produced by this 
system. A second experiment was as follows: 

With 5 mg. aliquots of linoleic acid as the unsaturated factor, a series 
of determinations was run in which peroxidation was allowed to proceed 
for various periods of from 0.4 to 2.0 minutes before the carotene was 
added. 2 minutes after the carotene was added, the reaction was stopped 
by the addition of concentrated hydrochloric acid and the amount of 
carotene remaining was determined colorimetrically. Fig. 1 shows the 
curve obtained by plotting the quantity of carotene oxidized against the 
time of preoxidation. This shows graphically that fat oxidation must be 
actually occurring in order to produce carotene oxidation. When the 
preoxidation has progressed to such an extent that the fat or fatty acid has 
been largely peroxidized, carotene is not oxidized. 

The author has developed a method (5) for following the peroxidation 
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of small quantities of fat in aqueous suspension. The method is capable 
of showing clearly the linear dependence of carotene oxidation upon the 
oxidation of unsaturated fat. Here, lipoxidases from several sources were 
tested with a variety of unsaturated organic compounds. It was found 
that conditions which slowed the rate of peroxidation caused a greater 
earotene oxidation per mg. of peroxide formed. This agrees with the 
‘Skrabal rule’’ for induced reactions (6). 

Further work showed that when carotene was added the amount of 
peroxidation of the unsaturated fat was not so great as in the case when 
no carotene was added. As Fig. 2 illustrates, this phenomenon is quanti- 
tative. Here, the extent of peroxidation is expressed in micrograms of 
ferric iron formed in the analyses. 

It has been possible to show that inorganic oxidizing agents can produce 
the same effect upon carotene as lipoxidase. The following test was run. 

|. To a suspension of unsaturated fat and carotene a few drops of fuming 
nitric acid were added. The carotene was completely bleached in 90 
seconds. 

2. A few drops of fuming nitric acid were added to a suspension of 
arotene in water. The carotene was completely oxidized in 45 minutes. 
(similar result was obtained with permanganate, but here it was necessary 
to extract the carotene, since the color of the permanganate obscured the 
arotene color. 

DISCUSSION 

Since carotene is not directly oxidized by this enzyme and since the fat 
peroxides do not cause the oxidation, there arises the possibility that the 
oxidation of the carotene is brought about by an oxidizing agent formed 
as an unstable intermediate during the production of the fat peroxide. 
This hypothetical reactive intermediate oxide has been suggested as a 
possible mechanism for certain induced reactions (6) and, according to 
), it was originally suggested by W. Manchot 


Kolthoff and Menzel (7 
that in all oxidation processes primary oxides are formed and that these 
are often stronger and quicker oxidizing agents than the substances from 
which they are formed. 

SUMMARY 

Evidence has been submitted that carotene is not oxidized by the 
peroxides formed from unsaturated fat either directly or indirectly. 

It has been shown that the oxidation of carotene requires that the peroxi- 
dation of unsaturated fat be actually in progress. 

Since fat peroxidation is diminished by the coupled oxidation of carotene, 
it appears possible that the oxygen which reacts with carotene is derived 
from some intermediate which is produced during the peroxidation of the 
unsaturated fat. 
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THE INFLUENCE OF DIPHOSPHOPYRIDINE NUCLEOTIDE ON 
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The changes in phosphorus distribution during fermentation in the 
living veast cell appear to be consistent (1) with the theory of alcoholic 
fermentation developed from experiments on cell-free extracts (2) and there 
is strong suggestion that the processes are analogous. There are, however, 
a number of differences between fermentation by the living cell and cell- 
free preparations. Among these is the fact that the rate of fermentation 
by living cells is uninfluenced by added diphosphopyridine nucleotide 
coenzyme I). This may be a reflection of the organized nature of cells 
containing enzyme systems already saturated with respect to coenzyme I 
and protected by cell membranes. As a result there is but scanty evidence 
to provide a basis for the assumption that the fermentation of sugar by 
living cells takes place as in cell-free extracts through the formation and 
decomposition of phosphoric esters, phosphorus transference, and oxida- 
tion-reduction reactions. 

The genus Fusarium (Link) is characterized biochemically (3) by the very 
slow but almost perfect manner in which these organisms ferment hexoses 
and pentoses to ethyl aleohol and CO,. The slow rate of Fusarium fer- 
mentation may be due to a marked deficiency in certain components of 
the fermenting system; a study of this slow fermentation may indicate the 
réle (in’vivo) of such components in both yeast and Fusarium fermentation 
in view of their striking similarity (4). 

Studies of inhibition of Fusarium fermentation by fluoride (4) have 
vielded results almost identical with those observed with living yeast (1). 
The ultimate effect of NaF on cell-free fermentation is that the fermenta- 
tion eyele is immobilized as soon as all of the diphosphopyridine nucleotide 
DPN) has been reduced by triose phosphate, with the formation of phos- 
phoglyeeric acid. This suggests strongly that oxidation and reduction of 
DPN may play a significant and perhaps limiting réle in Fusarium fer- 
mentation. Dietrich and Klammerth (5) have studied the effects of 
vitamin B preparations and of nicotinamide on pentose fermentation by 
Fusarium lini. They have reported stimulating effects by nicotinamide 
which strongly suggest that its action may be the result of its availability 
for pyridine nucleotide synthesis. 
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In the present investigation, the réle in vivo of diphosphopyridine ny- 
cleotide (coenzyme I) in alcoholic fermentation by Fusarium tricothecoides 


has been studied. 
EXPERIMENTAL 


Organism and Culture Medium—The organism used in the experiments 
is catalogued in the Massachusetts Institute of Technology culture collee- 
tion as Fusarium sp. H. A study of its morphological characteristics 
indicates that it is closely allied to Fusarium tricothecoides. It was selected 
because of the uniformity of its growth and biochemical characteristics, 

The basal salt solution used for the growth medium was made up of 
NaNO, 2, KH2PO, 1, KCl 0.5, and MgSO,-7H,O 0.5 gm. per liter. The 
required amounts of glucose, dried yeast extract (Difco), and diphospho- 
pyridine nucleotide or nicotinic acid were added in sterile condition when 
necessary. Cultures were grown in 1 liter conical flasks each containing 300 
ec. of the medium. Sterilization was effected by autoclaving at 15 pounds 
pressure for 20 minutes. The flasks were inoculated with 1 cc. of a sus- 
pension of spores and the mycelium prepared by scraping into 100 ce. of 
sterile water the growths from two or three glucose-basal salt agar slants 
grown in test-tubes for 5 to 6 days. The cultures were incubated at 24°. 

Qualitative Identification of Diphosphopyridine Nucleotide in Fusarium 
tricothecoides—.\ number (80) of flasks of 3 per cent glucose-basal salt 
medium were inoculated with a spore-mycelium suspension of the or- 
ganism and incubated for 7 to 10 days. The growths were removed from 
the medium, pressed lightly, washed, and then extracted with an equal 
weight of water or 0.1 M KH2PQO, at 80° for 20 minutes. Positive qualita- 
tive evidence of the presence of pyridine nucleotides was obtained by re- 
placing the coenzyme with aqueous extracts of Fusaria in a number of test 
systems. Positive tests were obtained by the apozymase method of von 
Euler and Myrbick (6) with coenzyme-free, washed, dried yeast, by the 
lactic dehydrogenase method of Green and Brosteaux (7) with washed 
heart muscle, by the method of Lwoff and Lwoff (8) by determining the 
stimulating effect on growth of Hemophilus parainfluenzae, and by the 
chemical detection of nicotinic acid (9). The results in every instance 
indicated a relatively low concentration of pyridine nucleotides in 
Fusarium tricothecoides grown under the conditions described. 

Influence of Diphosphopyridine Nucleotide on Alcohol Production—The 
small amount of diphosphopyridine nucleotide observed in the qualitative 
tests and also in the quantitative estimations (Table I) suggested that 
normally there may be a deficiency of this component in Fusaria which 
might account for the slow fermentation that characterizes these organisms. 
To test this possibility a number of flasks each containing 300 cc. of the 
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basal salt to which were added 3 per cent glucose and a desired amount 
of diphosphopyridine nucleotide, nicotinic acid, or yeast extract (Difco) 
were inoculated with Fusarium tricothecoides. Periodically, small samples 
of culture fluid were withdrawn and ethyl alcohol was estimated by the 
method of Friedemann and Klaas (10). Typical results of such experi- 
ments are indicated in Fig. 1 and show clearly that diphosphopyridine 
nucleotide in rather small amounts appreciably stimulates fermentation. 
Stimulation is also apparent when the medium is supplemented with 
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Fig. 1. The influence of yeast extract, nicotinic acid, and diphosphopyridine 
nucleotide on ethyl alcohol production in vivo by Fusarium tricothecoides. 


nicotinic acid but not to the same degree as with the DPN, which suggests 
that the action of nicotinic acid may be due to its availability for pyridine 
nucleotide synthesis. It is not unlikely that the growth-stimulating effects 
of nicotinic acid on a number of bacteria (11-13) may be due to a similar 
effect. In all of the present experiments no stimulation of growth was 
observed by either DPN or nicotinic acid. However, if the source of 


1 Supplied through the courtesy of Dr. B. Jandorf, who also carried out the DPN 
estimations given in Table I, and to whom we express our thanks. 
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coenzyme was dried yeast extract, both growth and alcohol production 
were stimulated; this might be expected in view of the numerous growth 
factors contained in yeast extract. Once growth is established, the rate of 
alcohol production of the coenzyme-supplemented medium increases to as 
much as 20 times the control rate (Fig. 1). 

Estimation of Diphosphopyridine Nucleotide in Fusarium tricothecoides 
The oxidized diphosphopyridine nucleotide content of the organisms 
grown on normal and yeast extract media was estimated by the method 
of Jandorf et al. (14). The values obtained are given in Table [. It js 
apparent from these figures that increased alcohol production is associated 
with increased coenzyme content. Culture G-2 (Table 1) is extremely in- 
teresting in this respect. This culture was grown on the unsupplemented 
glucose medium and during the first 10 days of growth it followed the 
normal control curve characterized by low alcohol yield and low coenzyme 


TABLE I 


Relation of Alcohol Production by Fusarium tricothecoides to D pho phopy) dine 


Nucleotide Content 


Culture No.* Ag Ethyl alcohol DPN We nat | DPN per culture 
” r rem ” 

G-l 7 100 
G-2 10 150 30.7 2A) 6.75 
G-2 14 750 95.0 209 20.0 
Y-3 ; S15 
Y~).3 10 t 167.0 1500 251 

*G glucose culture \ glucose-y« ist extract ¢ ilture 


+ Alcohol largely consumed after the 3rd day 


content. From the 10th to 14th day, however, the rate of alcohol pro- 
duction increased markedly and an estimation of the coenzyme content at 
this time indicated a concomitant rise in diphosphopyridine nucleotide. 
Growths on the yeast extract medium had the highest coenzyme content, 
as would be expected from the high content of coenzyme and nicotinic acid 
in the yeast extract. 

In view of the high DPN content of the growths on veast extract media 
a series of flasks of 3 per cent glucose-0.3 per cent yeast extract medium 
was inoculated and incubated for 6 to 7 days. The medium was then 
drawn off and the growths carefully washed under aseptic conditions until 
no sugar or alcohol could be detected in the washings. 300 cc. quantities 
of sterile medium containing either 3 or 10 per cent glucose or 3 per cent 
sucrose were introduced under the washed growths. Alcohol was esti- 


mated periodically and the results are shown in Fig. 2. It is apparent that 
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the yeast growths ferment either glucose or sucrose at a rate comparable to 
the rate of fermentation of coenzyme-supplemented growths once they 
have been established (Fig. 1). The rate of fermentation is about 20 to 25 
times that of the controls. Repeated experiments under these condi- 
tions gave results of unusual uniformity in respect to alcohol production. 
The rate for Fusarium tricothecoides was generally about 300 mg. of ethyl 
alcohol per day per 100 cc. of medium if adequate substrate was present. 
In the absence of the substrate the aleohol was rapidly dissimilated. The 
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Fic. 2. The effect of dried yeast extract on the fermentation of glucose and sucrose 


DY Fusarium tricothecoides. 


fact that the DPN-stimulated cultures showing no increase in growth gave 
alcohol yields equal to those of the yeast extract cultures indicates that 
the components in yeast extract which stimulate growth apparently have 
little effect on aleohol production, except in so far as they make possible the 
assimilation of the DPN and nicotinie acid of the yeast extract by the 
organism. The inerease in aleohol production appears to be related 
directly to the increase in DPN. 

In contrast to the observations made recently on Fusarium lini Bolley, 
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by Wirth and Nord (15), the present investigators while demonstrating 
the presence of a carboxylase system in Fusarium tricothecoides could not 
demonstrate (16) any stimulating effects of thiamine, or increased ¢o- 
carboxylase content of Fusarium tricothecoides, on alcohol production, 
This may be due to inherent differences in the metabolism of these or- 
ganisms. In spite of these differences, it appears highly probable that in 
Fusarium fermentation ethyl! alcohol arises in vivo according to the reactions 


carboxylase : 
(1) Py ruvate > acetaldehyde + CO 


alcohol 
(2) DPN-H, + acetaldehyde > DPN + ethyl alcohol 
enzyme 


SUMMARY 


The réle in vivo of diphosphopyridine nucleotide (coenzyme I) has been 
studied and it has been shown to be a limiting factor in alcohol production 
by Fusarium tricothecoides. This suggests that fermentation by living 
cells is similar to that observed in cell-free preparations involving oxidation- 


reduction reactions and phosphorus transfer. 
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HISTIDINE IN THE RABBIT* 
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Ann Arbor) 
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Urocanic acid, discovered in 1874 by Jaffe in dog urine (1), has been an 
evasive compound. The dog from whose urine it was first isolated escaped, 
| and Jaffe was unable to detect urocanic acid in the urine of other dogs or of 
humans. Subsequently it was observed in the urine of two other dogs (2), 
but was not found to be a regular constituent of canine or human urine 
2.3). The isolation of an acid similar to Jaffe’s urocanic acid from the 
urine of one species of coyote (4) was not confirmed with the urine of a 
different species of coyote (5). After the chemical structure of urocanic 
acid as 8-[4(5)-imidazoly]]acrylic acid, the a ,8-unsaturated acid correspond- 
ing to histidine, had been established (3), Raistrick obtained the acid by 
the action of bacteria of the coli-typhosus group on histidine (6). The 
suggestion has been made that the animals which excreted urocanic acid 
presented a rare anomaly of metabolism (3, 7), possibly related to its forma- 





tion from histidine by microorganisms in the large intestine. 

Urocanic acid has also been obtained by Hunter from a pancreatic digest 
feasein (3), but here also the compound was elusive, since in repeated at- 
tempts he was unable to obtain the compound from digests again. The 
experiments of Raistrick have not been confirmed, and Raistrick himself 
was not able to extend his findings to other bacteria (8). 

Kotake and Konishi (9), Konishi (10), and Kivyokawa (11) have sug- 
gested that urocanic acid is a product of the normal metabolism of histidine 
in dogs and rabbits, and were able to isolate the acid from the urine after 
oral or parenteral administration of histidine. Harrow and Sherwin (12) 
considered that urocanic acid was a possible intermediate in the normal 
atabolism of histidine. Cox and Rose (13) were unable to demonstrate 
that urocanic acid was effective in the promotion of growth of young white 
rats fed a diet deficient in its content of histidine, while Harrow and Sherwin 
bserved “slight beneficial effects” of urocanic acid on growth under these 


etary conditions. 


*A part of the work here reported was carried out in the Laboratories of the 
Department of Biochemistry, College of Physicians and Surgeons, Columbia Univer- 
‘ity, during the tenure of a National Research Council Fellowship in the Medical 
Sciences awarded to one of the authors (W. J. D.). 
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The experiments to be described are concerned primarily with the exere. 
tion of urocanic acid by the rabbit after the administration of histidine and 
the fate of the acid when fed or injected into the same species. It is be- 
lieved that they afford little evidence that urocanic acid is an important 


intermediary product of the metabolism of histidine. 


EXPERIMENTAL 


Preparation of Histidine'—The l-histidine monohydrochloride was 
isolated from blood paste by the procedure of Foster and Shemin (14), 
Total and amino (Van Slvke) nitrogen determinations on two lots were 
19.8 and 20.1, and 6.8 and 6.8 per cent respectively (theoretical, 20.04 


and 6.68 per cent). Both samples gave definitely positive cyanide-nitro- 
prusside tests for the disulfide linkage. The specific rotations determined 


ri. 


in the presence of 3 moles of hydrochloric acid at 26° were +7.0° and 
A sample which had been recrystallized six times until the cyanide-nitro- 
prusside test was negative showed an [a 6 of +8.0°, in agreement with 
the chief reported values (14, 15) for these experimental conditions. 

We have tested five samples of histidine monohydrochloride pre pared in 
this laboratory, two commercial samples of this salt, and one commercial 
sample of histidine dihydrov hloride for the presence Of Cystine, All the 
samples gave negative ammonia-nitroprusside, positive cyanide-nitro- 
prusside, and positive Sullivan naphthoquinone tests. The intensity of the 
latter reaction paralleled that of the cyanide-nitroprusside test. Tests for 
alkali-labile sulfur and for sulfur after fusion with sodium were positive. 
No sulfide test could be obtained prior to sodium fusion. It appears there- 
fore that cystine may be present in small amounts as an impurity In prepa- 
rations of histidine. The intensity of the cyanide-nitroprusside test 
given by the various samples corresponded roughly to those given by pure 
cystine solutions to indicate a content of 0.5 to 2.0 per cent of “cystine” 
in the histidine monohydrochloride This estimate is in accord with the 
slightly low values for specific rotation obtained, values which might be 
expected if cystine with its levorotation were present in small amounts. 
It was possible by repeated recrystallization to obtain samples whieh 
showed no reaction with cyanide and nitroprusside. More efficient pur- 
fication was obtained by the conversion of the monohydrochloride to the 
dihydrochloride. 

Preparation of Urocanic Acid'—-Urocanie acid was synthesized by the 
method of Barger and Ewins as given in detail by Cox and Rose (13) and 
also by the decarboxylation of 8-[4(5)-imidazolyl]methylidine maloniec acid 


' Details concerning the preparation and purification of histidine and urocanie 
acid are available in the doctoral dissertation of W. J. Darby, on file in the Library 


of the | niversity of Michigan, and available in microfilm 
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in pyridine (16). This method of preparation is somewhat more con- 
venient, particularly when the intermediate, 4(5)-hydroxymethylimidazole, 
is obtained by the procedure recently reported (17). 

Samples of urocanie acid prepared by the two methods gave identical 
qualitative reactions and showed satisfactory purity on analysis. Urocanic 
acid synthesized by the second procedure gave the values presented in 
Table I on analysis. The melting point of urocanic acid varies markedly 
with the rate of heating (13). A preparation made by the first procedure 
melted? at 226-229° when heated rapidly, and at 222-222.5° when heated 
Jowly. It melted simultaneously with a synthetic sample generously 
furnished by Dr. W. C. Rose, and a mixture of the two did not lower the 
melting point. In the same bath, the samples prepared by the two pro- 
eedures outlined melted simultaneously at 223.5-224.5°. Since many 
imidazolyl derivatives melt within the range of 200-235°, it should be 


TABLE I 


17 lys of Synthetic Urocanic Acid and of Urocanic Acid Tsolate d from Rabbit Urine 


All analyses were carried out on the anhydrous acid. 
S r Carbon Hydrogen Nitrogen 
per cent per cent per cent 
Synthetic 52.08 1.22 20.03 (micro-Kjeldahl) 
Expermment 2-1* 19.80 " 
6-8 51.80 1.13 20.23 (micro-Dumas) 
16 10 52 OS } $2 20.33 - 
iheoreti il 52 15 } 3S 20 . 29 


* The water of crystallization as determined with the crystalline material was 20.7 


per cent (theory, 20.68 per cent 


emphasized that for purposes of identification it is imperative that the melt- 
ing points of an unknown compound and of a sample of urocanie acid of 
known purity and of a mixture of the two should be determined simultane- 
ously. Similar precautions are necessary in the determination of melting 
points of the picrate and nitrate, derivatives commonly used in the identi- 
fication of urocanie acid (6, 13). In our experience, the picrate has melted 
with decomposition between 220-225°, usually at 224-225°, and the nitrate 
within a range of 207-214°, usually at 212°. The melting points of all 
samples of urocanic acid and its salts described subsequently were deter- 
mined under the conditions described above. 

{n attempt was also made to prepare urocanice acid by the prolonged 
action of Bacillus paratyphosus A on I-histidine (6). The isolation of 


? Urocanie acid melts with decomposition. All melting points here reported are 


uncorrected. 
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urocanic acid was carried out as described subsequently for urine. Fogr 
experiments were carried out with two strains of the organism, obtained 
through the courtesy of Professor M. H. Soule and Dr. Marshall Snyder 
of the Department of Bacteriology. From one of the four flasks, each 
of which contained 2.7 gm. of /-histidine monohydrochloride and was 
incubated at 37° for 46 days, were obtained 36 mg. of a compound which 
gave all the reactions of urocanic acid and which melted at 224.5-295°. 
From a second similar culture, 2.0 gm. of material identified as histidine 
monohydrochloride by reactions and melting point were isolated, but no 
urocanic acid was obtained. It was obvious that the procedure was not 
suitable as a means of preparation of urocanic acid and further attempts 
were abandoned. It is of interest, however, that for the first time, so far 
as we are aware, the observations of Raistrick were confirmed, although 
the yield was much lower than those obtained by him. 

Isolation of Urocanic Acid from Urine—No quantitative method for the 
determination of urocanic acid is available. In earlier studies, isolation 
has been attempted by a variety of procedures (1, 9, 11). No careful 
study of the recovery of urocanic acid added to normal urine appears to 
have been made. We have added 100 mg. of synthetic urocanic acid toa 
24 hour specimen of rabbit urine and have not been able to recover any 
urocanic acid by the procedures described in the literature. The method 
which has proved most successful depends upon the precipitation of the 
sparingly soluble complex of silver and urocanic acid at a pH of 6.8 to 7.0 
(3), a precipitate which is soluble in an excess of either ammonia or acid. 
The details of the isolation are as follows: 

The volume of urine was reduced under diminished pressure to approxi- 
mately 100 ec., acidified to Congo red with nitric acid, and a 50 per cent 


solution of silver nitrate added in excess. (Congo red is not reliable as an 
indicator in the presence of the silver ion.) After the material had stood 


an hour or so, the resulting precipitate was filtered off on a Buchner funnel, 
fitted with a thin layer of Filter Cel, and extracted three times with hot 
water which had been acidified with a few drops of 10 per cent nitric acid. 
The combined filtrate and washings were brought to a pH of 6.8 to 7.0 
(phenol red) by the careful addition of 10 per cent ammonium hydroxide 
solution, allowed to stand a few hours, and filtered. A few ec. of the silver 
nitrate solution were added to the clear vellow filtrate to insure an excess 
of this reagent, and, if necessary, the pH of the solution was readjusted to 
6.8 to 7.0. Any additional precipitate which formed was removed and 
added to the silver precipitate. 

The moist tan precipitate was washed with two portions of water, sus- 
pended in about 75 cc. of water, and the silver was precipitated by hydrogen 
sulfide. The sulfide was filtered off and extracted three times with hot 
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The combined clear filtrate and washings were evaporated to dry- 


Four | rer. ° x 
yess under reduced pressure at a temperature of less than 60°. The residue 


me ms taken up in a minimum amount (less than 10 cc. total volume after 
each joeing filtered and washed) of boiling water and filtered. Dilute am- 
was |nonium hydroxide was then added dropwise to the clear brown solution 

vhich pith cooling until it was very faintly acid to Congo red paper and the 
ial was allowed to stand overnight in the refrigerator. If the solu- 


295° | materi 
ition were alkaline rather than acid, dilute hydrochloric acid was added 
* 


idine 

It no |ather than ammonium hydroxide. 

snot | The tan precipitate which formed was filtered off, dissolved in a minimum 
npts |qantity of boiling water, and filtered through a thin pad of carbex E. 
) far | The filtrate was chilled overnight in the refrigerator and the white shimmer- 
ugh | ing needles of urocanic acid were filtered off, dried over calcium chloride, 


und weighed. A second reerystallization was usually unnecessary. The 
the |pHof the mother liquor was adjusted with the glass electrode to 4.6 + 0.2. 
Any further crystals which deposited when the material stood in the re- 


tion 
eral TaBLe II 
= Recovery of Urocanic Acid Added to Urine of Control Rabbits 
anv Added Recovered 
hod a ran pen cums : 
the 96 42 43 
7.0 120 61 51 
‘id. 200 120 60 
500 313 63 

XI- 
nt frigerator were removed and recrystallized. The mother liquors were 
an . reserved for attempts to isolate other imidazole derivatives. 
od No failures were experienced when this method was applied to urines 
e|. | known to contain urocanic acid. The results of some recovery experiments 
ot | inwhich the indicated amounts of urocanic acid* were added to the 2 day 
d. | pooled urine samples of a rabbit are shown in Table II. The recovery of 
( | woeanie acid by this method was from 43 to 63 per cent with an average 
le | of about 55 per cent. The use of this factor serves to give a rough ap- 
> | proximation of the quantity present in a sample of urine. The minimum 
| amount of urocanic acid which could be detected was not determined. 
9 | However, we believe that a failure to isolate the acid from urine by this 
d | method indicates that less than 100 mg. was present. 

Despite the use of a variety of procedures, im attempts to isolate other 
e * Urocanic acid as ordinarily obtained contains molecule“of water of erystalliza- 
n tion. All yields of isolated material reported in Tables II to IV are of the crystalline 


t acid. 
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imidazole derivatives from the mother liquors from the urocanic acid, 
histidine alone was found. The most efficient method for the isolation of 
histidine from these solutions consisted of diluting to a volume of 100 ¢e,, 
adding 30 ec. of a saturated alcoholic solution of mercuric chloride, and 


neutralizing to litmus with sodium carbonate solution. The resulting 


TABLE III 
Imedazole Der patives ] olated from Rabbit l rine Following idn nistration ot H stid ne 
Except in Experiment 9-6, histidine monohydrochloride was administered; in this 


experiment, the dihydrochloride was fed 


Imida ¢ 
ated; 
—_ . Salt adn ‘ M e of Re 
No.* , _— ——- His 
acid HCl 

” m ” 
1-2 15 > 5 Oral 251 0 Deatl er 3rd dose 
2-1 15 (3 <X 5 si 1118 0 - * Bre 
3-3 > (1 a) 73 0 Signs of toxicit delaved 

pal ilysis 
1-6 5(1 xX 5 0 192 No signs of toxicity 
5-7 10 (2x 5 0 580 
6-8 5 (1 5 73 219 | Signs of toxicity; died 
i 10 (2x5 Subcutaneous 0) 371 No signs of toxicity 
8-7 ats Xs Oral 0) N 
9-6 12 (2 X 6 () S Signs « xicity; died 
10-9 10 (2x 5 Subcutaneous 0) 2003 No signs of toxicity 
11-9 10 (2 x 5 Oral, subcu 0 § 
taneous 

12-10 10 (2x 5 Subcutaneous 0 1360 


oral 


* The second figure indicates the rabbit number 
t The figures in parentheses indicate the period of dosage in days and the amount 


administered each day, respectively. In Experiments 11-9 and 12-10, the histidine 


) 


was administered orally and subcutaneously on 2 successive days as indicated 


lization until a con 


t The we ight recorded is that of the sul stance alter recrvst 
stant, acceptable melting point was reached. 


§ No attempt at isolation was made 


white precipitate was allowed to stand a few hours, filtered, washed, sus- 
pended in 125 ce. of distilled water, and decomposed with hydrogen sulfide. 
The remainder of the isolation was conducted essentially as described by 
Foster and Shemin (14), but on a proportionately reduced seale. The 
amino acid salt was usually pure after one recrystallization 

Male rabbits of 1.7 to 2.85 kilos of body weight were fed oats and 
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cabbage, in amounts sufficient to maintain the weight of the animals. The 
Lhistidine monohydrochloride was dissolved in warm water (usually 5 gm. 
in 25 cc.) and partially neutralized by the addition of sodium carbonate 
0.6gm.). This solution was administered either by stomach tube or by 
subcutaneous injection as indicated in Table III. When more than one 
dose was given during the experiment, the doses were administered on con- 
secutive days. The urine was collected throughout the experimental 
period and during the 24 hours following the last dose of histidine, 
unless death supervened. The experimental samples were subjected to 
the above procedure for the isolation of urocanic acid. The normal urines 
of Rabbits 1 to 5and Rabbit 13 were examined for the presence of urocanic 
acid. None was detected. Prior to each experiment the Pauly reaction 
was applied to the urine of each animal. In no case was a marked red 
color observed; hence it was concluded that none of the rabbits was ex- 
ereting abnormal amounts of imidazole compounds. 

Synthetic urocanic acid was similarly administered either orally or sub- 
eutaneously to Rabbits 9, 10, and 13. The acid was neutralized to litmus 


by the addition of sodium hydroxide. 


DISCUSSION 


Uroeanie acid was isolated from the urine of five of the eight animals 
to which histidine was administered (Table III). Its identity was estab- 
lished by the method of isolation, the qualitative reactions (3, 6), and the 
melting points of the free acid and its salts, the picrate and nitrate. The 
analyses of two samples of the anhydrous acid isolated from the urine in 
Experiments 2-1 and 6-8 are presented in Table I. The identity of the 
isolated urocanic acid appears to have been satisfactorily established. 

It should be noted that urocanie acid was excreted by only those animals 
to which. the histidine was administered orally. No animal excreted uro- 
eanic acid in detectable amounts after the subcutaneous injection of his- 
tidine. These results might be interpreted to indicate that the excreted 
urocanic acid was formed within the gastrointestinal tract, possibly by the 
action of the bacterial flora, as suggested by Raistrick (6). Such an 
interpretation, however, is not to be reconciled with the reported isolation 
of urocanic acid from the urine of the rabbit following injections of histidine 
11). In the present experiments, not all of the animals which were fed 
histidine excreted urocanie acid. 

Another striking observation was the correlation between the excretion 
of urocanic acid and the appearance of signs of toxicity. Without excep- 
tion those rabbits which excreted urocanic acid in the urine after the feeding 
of histidine exhibited a marked toxicity, characterized by anorexia, rapid 
heart rate, difficult respiration, paralysis of the posterior extremities, and, 
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in all but one case, death. The urines of these animals exhibited no ab. 
normal pigmentation, no pathological reducing substances, and only traces 
of protein. Autopsy revealed an enlarged right heart and distended lungs, 
Microscopic examinations carried out by Dr. C. V. Weller of the Depart- 
ment of Pathology of the University of Michigan revealed hemorrhage by 
diapedesis, acute edema of the pulmonary tissue, contraction of the pul- 
monary arteries and of the smooth muscles of the bronchi, and an abun- 
dance of eosinophiles. No signs of toxicity appeared in the animals when 
the oral or subcutaneous administration of similar doses of histidine did 
not result in the excretion of urocanie acid. Kotake and Konishi (9) 
specifically state that none of the dogs fed histidine showed more than a 
transitory indisposition, but that an animal injected with histidine mono- 
hydrochloride did manifest symptoms of toxicity. These symptoms were 
not described. Kiyokawa (11) made no mention of the presence or absence 
of signs of toxicity in the rabbit following the injection of histidine hydro- 
chloride. The authors in unpublished experiments have noted the ap- 
pearance of a red pigment in the urine of rats fed large amounts of histidine, 
and Remmert and Butts (18) reported the appearance of hematuria in rats 
after the feeding of histidine. Akerblom (19) has found that the symptoms 
of founder could be reproduced in horses by the oral administration of 10 
gm. of histidine and cultures of certain strains of Bacillus coli, and at- 
tributed the observed signs to histamine formed within the gastrointestinal 
tract of the animals. Whatever the mechanism of the toxicity, the close 
association of the excretion of urocanic acid with the development of a 
severe toxic reaction indicated that some abnormal metabolic process was 
occurring within those animals producing urocanic acid. The complete 
absence of any such signs in the rabbits which did not produce urocanic 
acid, but did excrete histidine, would signify a more nearly physiological 
reaction. 

Histidine was isolated in six of the nine experiments in which the urine 
was examined after the administration of this amino acid. The isolated 
histidine monohydrochloride was identified by qualitative tests, by the 
melting point of the pure substance, and by mixed melting points with a 
sample of known purity. The histidine monohydrochloride obtained in 
Experiment 6-8 contained 16.76 per cent of chlorine (theoretical, 16.91 
per cent). A maximum of 5.9 per cent of the histidine administered was 
isolated from the urine after feeding, and from 3.7 to 20.0 per cent in the 
injection experiments. Both histidine and urocanic acid were isolated 
from the same urine in only one experiment. 

In none of the previously reported studies of the formation of urocanic 
acid after the administration of /-histidine was the urinary excretion of his- 
tidine investigated. The excretion of small amounts of histidine by dogs 








) ab- 


races 
ngs, 
part- 
pe by 
pul- 
bun- 
when 
> did 
i (9) 
1an a 
10N0- 
were 
sence 
ydro- 
» ap- 
dine, 
rats 
toms 
f 10 
| at- 
tinal 
lose 
of a 
was 
lete 
anic 
rical 


rine 
ated 
the 
ha 
1 in 
.91 
was 


the 

















W. J. DARBY AND H. B. LEWIS 233 


and guinea pigs following the administration of the amino acid has been 
observed. The data herein reported demonstrate that the rabbit, like 
the dog, may excrete part of the /-histidine monohydrochloride when ad- 
ministered either orally or subcutaneously. Histidine is not a constituent 
of normal rabbit urine (20). 

The results of the experiments in which synthetic urocanic acid was 
administered are presented in Table IV. The identity of the isolated 
yrocanic acid was established by the procedures already described. Analy- 
ses of the acid isolated in Experiment 16-10 are presented in Table I. 
These data demonstrate that urocanic acid is excreted unchanged by the 
rabbit, in contrast to certain other substituted acrylic acids which have 
been investigated (21). None of the animals which received urocanic acid 
manifested the slightest sign of toxicity. Hence, it is improbable that this 


TaBLe IV 
Excretion of Urocanic Acid by Rabbit after Administration of the Acid 


Urocanic acid 


—— Acid administered Mode of administration isolated 
gm. me 
13-9* 0.170 Oral 0 
14-10 0.175 Subcutaneous 42 
15-9 1.000 (2 X 0.5)* Oral 0 
16-10 1.000 (2 X 0.5) Subcutaneous 394 
17-13 3.000 Oral 126 


* For the explanation, see the foot-notes to Table IIT. 


substance was the toxic agent responsible for the death of those animals 
which excreted urocanic acid following the administration of histidine. 

These data establish that the failure of certain rabbits to excrete urocanic 
acid following the administration of histidine is not due to an inability of 
the rabbit to excrete the substance, or to a peculiar ability of the animal to 
destroy large amounts of urocanic acid. From the data on the fate of in- 
jected urocanic acid, it seems reasonable to conclude that the failure of 
certain rabbits to excrete urocanic acid, following the administration of 
large doses of histidine, was due to the failure of those animals to convert 
any considerable portion of the histidine into urocanic acid. 

Konishi (22) has presented data purporting to show that when urocanic 
acid was fed to a fasting rabbit the added nitrogen appeared quantitatively 
inthe urine. However, from his data it may be calculated that the extra 
urea nitrogen alone amounted to approximately 1} times that of the nitro- 
gen administered as urocanic acid. Furthermore, some urocanic acid was 
stated to have been isolated from the same urine. The efficacy of the 
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isolation procedure was not established ; so the probable amount of urocanie 
acid excreted cannot be estimated. Edlbacher and Baur (23) have main- 
tained that the guinea pig excretes urocanic acid following the administra- 
tion of histidine. The present authors, in unpublished experiments, have 
been unable to obtain any evidence of this in similar experiments with these 
animals. 

The data presented in this investigation demonstrate that urocanie acid 
is probably not the main pathway through which histidine is degraded, 
Thus, if a correction tactor for the isolation of urocanic acid is applied, it 
may be estimated that from 40 to 70 per cent of the urocanic acid injected 
into Rabbit 10 was excreted in the urine. When 10 gm. of histidine mono- 
hy lrochloride were injected into this same animal i’ xperiment 12-10), 
only 1.36 gm. of the salt of the amino acid were isolated from the urine. 
Assuming a loss of 50 per cent 1n the isolation of the histidine, the animal 
was able to destroy on a molecular basis 33 to 60 times more histidine 
monohydrochloride than urocanic acid. Furthermore, if the excretion of 
urocanic a id is a manifestation of the overproduction of a normal metab- 
olite, it is difficult To ¢ xplain why none ol this compound could be isolated 
in the six experiments 1n which a total of 55 gm. of /-histidine monohydro- 
chloride was administered to Rabbits 7, 9, and 10. The unfailing 
parallelism of toxicity and urocanic acid production by the rabbit would 
suggest that some abnormal metabolic process was occurring within those 
animals which produced urocanic acid. These considerations, in conjunc- 
tion with the « xpe riments on rats 12, 13), and unpublished data of the 
authors), make it improbable that urocanic acid is a quantitative ly impor- 


tant intermediate in the normal metabolism of histidine. 


One of us (W. J. D.) wishes to thank Professor Hans T. Clarke for his 
cooperation and aid during the tenure of his fellowship. The micro com- 
bustions reported in this paper were carried out by Mr. W. Saschek of the 
Departm« nt of Bioche mistrv, College of Physicians and Surgeons, 


Columbia Universitv. to whom the authors are indebted. 


SUMMARY 


1. A dependable method for the isolation of urocanic acid trom urine 
has been cde scribed. 

2. The conversion of [-histidine into urocanic acid by Bacillus para- 
typhosus A (6) has been confirmed. 

3. Five rabbits of a series of eight were found to excrete urocanic acid 
in the urine after the oral administration of large doses of /-histidine. No 
urocanie acid could be isolated from the urine of rabbits following the 


subcutaneous injection of /-histidine. 
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4. Severe toxic manifestations were exhibited by all of the rabbits which 
exereted urocanic acid following the administration of histidine. No such 
signs were exhibited by animals which received histidine and did not excrete 
yrocanic acid or by rabbits to which synthetic urocanic acid was adminis- 
tered, orally or subcutaneously. 

5. Rabbits excreted histidine in the urine following the oral or subcu- 
taneous administration of that amino acid. 

§. Rabbits excreted unchanged a considerable portion of the injected 
synthetic urocanic acid. 

7. It was concluded that urocanic acid was not a quantitatively im- 
portant intermediate in the normal metabolism of histidine. 
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ON LYSINE AND ORNITHINE 


By H. D. DAKIN 


(From Scarborough-on-Hudson, New York) 
(Received for publication, September 23, 1942) 


The object of the following communication is to record certain observa- 
tions on lysine and ornithine which may possibly be of some use to other 
workers with amino acids. The separation of lysine from histidine and 
arginine, based on the sparing solubility of the silver salts of the latter, 
was described by Kossel (1) in 1898 and has proved its value in the hands 
of countless workers. It has generally been assumed that lysine was not 
precipitated as a silver salt in either neutral or alkaline solution in the 
presence of excess of silver nitrate. Kossel after describing the precipita- 
tion of histidine and arginine with silver writes, ‘“Macht man denselben 
Versuch mit Lysin, so bemerkt man entweder iiberhaupt keine Nieder- 
vhlagbildung oder eine solche, welche sich leicht im Ueberschuss von 
Natron lést, oder nachdem mehr Silber hinzugefiigt worden ist, eine Fal- 


| jung von Silberoxyd. Es entsteht aber keine in Natron unlésliche weisse 








Silberverbindung des Lysins.”” It should be noted, however, that the con- 
centration of the lysine solution used is not indicated. On the other hand 
ina later experiment in which the products of hydrolysis of 20 gm. of 
protamine are separated with silver sulfate he states that the volume should 
amount to at least 1500 ec. 

On the other hand Hedin (2) some 3 years earlier described two silver 
alts of lysine, one of them an acid salt CsHjyN2O2- HNO;-AgNO; which is 
a finely crystalline substance freely soluble in water. The other salt 
(sHy.N2O2-AgNOs; had an alkaline reaction and was “in Wasser ziemlich 
vhwerléslich, aber bei weitem nicht in dem Grade wie das Argininsalz.”’ 

On several occasions recently the writer had occasion to use silver nitrate 
and sodium hydroxide as a precipitant in a mixture containing chiefly 
dibasic monoamino acids. Arginine had been previously removed as 
favianate and the monoamino acids had been almost all removed by ex- 
traction of the slightly alkaline solution with butyl alcohol. The reagents 
vere used in the fashion previously described by the writer (3) using alter- 
nately 15 per cent silver nitrate and N or 2 N sodium hydroxide, until brown 
ilver oxide began to appear mixed with the white silver salts. The latter 
were filtered off, washed thoroughly, and decomposed with hydrogen . 
ulfide. Nitrate was invariably present to some extent, indicating the 
probable presence of a certain amount of complex AgNO; salts in the silver 
precipitate. The bases precipitated by silver were precipitated with phos- 
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photungstic acid and regenerated in the usual fashion. Histidine was, as 
expected, present in significant amount and was separated from other 
bases by precipitation with mercuric sulfate. After removal of the excess 
of mercury and sulfates from the filtrate, it was found to contain large 
amounts of lysine and some ornithine which were thoroughly identified. 
In one experiment in which some 300 gm. of amino acids were present in 
the solution before precipitation with silver, in a volume of about 12 liters, 
no less than 45 gm. of recrystallized lysine picrate was isolated. The lysine 
picrate slowly darkened and decomposed above 230°, had the correct 
amount of amino nitrogen (7.4 per cent), and was converted into the 
dihydrochloride melting at 193° with a rotation of [a]’ = +15.0° in § 
per cent solution. The only variation observed from the accepted data 
was in the melting point of phenylhydantoin derivatives to which reference 
will be made later. 

The preceding results would indicate that lysine and ornithine may be 
precipitated with silver to a greater extent than was generally recognized, 
Accordingly a number of experiments were made in which lysine or orni- 
thine base, 0.3 gm., prepared either from pure picrate or hydrochloride was 
treated with silver nitrate and sodium hydroxide at varying dilutions. 
Excess of silver nitrate, about 2} equivalents, was added by degrees and an 
equivalent amount of normal sodium hydroxide was added at intervals 
until a definite separation of brown silver oxide occurred. The resulting 
precipitate was filtered off, washed with ice-cold water, decomposed with 
hot dilute hydrochloric acid, and the precipitated base estimated by means 
of an amino nitrogen determination by Van Slyke’s method. The results 
showed that in concentrations of ornithine and lysine varying from 0.15 
to 1.0 per cent the silver precipitate contained from 5.0 to 9.3 per cent of 
the total base. These amounts are obviously sufficiently large to intro- 
duce serious error if unrecognized. Moreover there is good reason to be- 
lieve that even larger amounts of ornithine and lysine may be precipitated 
when they are accompanied by other amino acids giving sparingly soluble 
silver salts. 

The derivatives of ornithine and lysine, prepared by combination with 
2 molecules of phenyl isocyanate and subsequent hydantoin ring closure 
on treatment with acid, are among the most useful substances for the iden- 
tification of small quantities of these bases. Unfortunately, however, 
there is an almost complete lack of agreement as to the exact melting points 
of these derivatives. Herzog (4), at Kossel’s suggestion, first prepared 
these derivatives and recorded uncorrected melting points of 191—192° for 
the compound from d-ornithine and 183-184° for that from d-lysine. It 
is significant that Herzog prepared his hydantoins by evaporation on the 
water bath of small amounts of the phenyl! isocyanate compounds with 25 
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per cent hydrochloric acid, and makes the curious (and erroneous) state- 
ment that the reaction does not take place on boiling with hydrochloric 
acid under a reflux condenser. Kossel and Dakin (5) used the ornithine 
derivative for identifying the products of the action of arginase and re- 
corded a melting point of 199-200° (uncorrected). Fischer and Weigert 
6) gave the corrected melting points of the dextro and inactive lysine 
derivatives as 185° and 196° respectively. The hydantoins were prepared 
by boiling with 30 per cent hydrochloric acid for about a quarter of an hour 
and they state that longer heating leads to secondary decomposition. 
Sérensen (7) recorded identical melting points for the active and inactive 
derivatives of ornithine, namely 191° (corrected), while the derivatives of 
dextro and inactive lysine were reported as melting at 194-195° and 187° 


respectively. 


TABLE | 
. » . . e _ ° . 
Racemization and Depression of Melting Points of Hydantoins on Boiling with Acid 


M. p. of 


Time of boiling - . ) ' a 
lime of boiling | M. p. of crude recrystallized | Rotation, [a] ~ 


Phenylhydantoin derived from sities med product ome oe 

min ys . degrees 
i-Lysine l 197-199 200-202 —62.5 
™ 2.5 200-202 200-202 —62.5 
15 195-197 198-200 — 43.5 
15 188-190 192-193 — 30.0 

il-Lysine 2.5 190-191 190-191 
Ornithine 2.5 205-206 208-209 —48.0 
“c 30 187-190 194-195 —14.5 

l-Ornithine 2.5 191-192 191-192 


Investigation showed that the cause of these varying melting points of 
substances of undoubted analytical purity lay in the fact that the hot hy- 
drochlorie acid used in the conversion of the phenyl isocyanate derivatives 
into the hydantoins causes a progressive racemization of the latter, so that 
the product from an optically active amino acid is liable to be heavily con- 
laminated with the inactive form. The racemization of hydantoins by 
hydrochlorie and other acids has been previously recorded by Dakin and 
Dudley (8). In order to convert the phenyl isocyanate derivative into 
the hydantoin as rapidly as possible, the addition of aleohol to the hydro- 
thlorie acid is desirable in order to effect prompt solution. It was found 
that a mixture of 65 ec. of concentrated hydrochloric acid, sp. gr. 1.19, and 
35 ec. of aleohol served well and that hydantoin formation was complete 
alter 2} minutes boiling, 10 ec. of the acid mixture being used for each 0.5 
gm. of phenyl isocyanate derivative. On dilution with water the hydan- 
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toin separates almost quantitatively and is best recrystallized from diluted 
acetic acid rather than the customary alcohol. By means of the above 
technique the following uncorrected melting points were obtained with a 
small bulbed calibrated thermometer: phenylhydantoin derivatives from 
d-ornithine 208-209°, inactive ornithine 191—192°, d-lysine 200-202°, inae- 
tive lysine 190-191°. The optical rotation of the two active derivatives 
was observed in 2 per cent solution in pyridine and amounted to [a]” = 

-48.0° for ornithine and [a]?” = —62.5° for lysine. For obvious reasons 
these must be regarded as minimal values, since the possibility of some 
racemization cannot be excluded. Table I illustrates the progressive 
racemization of the hydantoins on prolonged boiling with acid and the 
resulting depression of melting points. It may in conclusion be noted 
that a partially racemized hydantoin may be completely racemized by 
dissolving it in cold 0.5 N sodium hydroxide. After an interval of 24 hours 
all activity is lost and the homogeneous hydantoin may be precipitated on 
acidification. For purposes of identification this procedure may be of 


considerable utility ; 
SUMMARY 


It is shown that significant amounts of ornithine and lysine may be 
precipitated by silver nitrate and sodium hydroxide. 

The formation of phenylhydantoins from phenyl! isocyanate derivatives 
of ornithine and lysine by the action of acid is shown to be accompanied 
by racemization. Conditions are indicated by which racemization may 
be limited and optically homogeneous products obtained having definite 
melting points. 
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VITAMIN INTERRELATIONSHIPS 


If. THIAMINE AND RIBOFLAVIN INTERRELATIONSHIPS IN 
METABOLISM* 


By BARNETT SURE anp ZENAS W. FORD, Jr. 


From the Department of Agricultural Chemistry, University of Arkansas, Fayetteville) 
(Received for publication, July 30, 1942) 


In Paper I of this series (1) results were reported on the influence of 
vitamin A deficiency and of a deficiency of various components of the 
vitamin B complex on the ascorbic acid content of various organs and 
endocrine glands. It was found that in vitamin A deficiency there was a 
reduction in ascorbic acid of the heart, kidney, and thymus. In multiple 
vitamin A depletions there were also losses of ascorbic acid from the 
adrenals, thyroids, and pituitary. In thiamine deficiency there were sig- 
nificant losses of vitamin C in the lung, kidney, and liver. Repeated 
thiamine depletions produced additional heavy losses of vitamin C in the 
kidney, liver, and thymus. In riboflavin deficiency the greatest reduction 
in ascorbic acid was found in single vitamin depletions. The losses were 
largely from the liver, kidney, lung, thymus, and thyroids. In pyridoxine 
deficiency no noteworthy changes occurred in ascorbic acid content of 
either tissues or glands. 

Morgan (2) reported that the administration of nicotinic acid or panto- 
thenic acid alone to dogs receiving ample amounts of all necessary vitamins 
except those of the “‘filtrate factors’ resulted in their gradual loss of neuro- 
muscular control and sometimes sudden death. Recently Supplee and 
coworkers (3) found that thiamine and pantothenic acid deficiencies inter- 
fere with mobilization of riboflavin in the liver during digestion and assimi- 
lation. The influence, however, of pyridoxine deficiency on the riboflavin 
metabolism of the liver was very slight. 

EXPERIMENTAL 

Because of the increasing interest in thiamine and riboflavin as oxidative 
catalysts, a study was undertaken of the possible interrelationship of these 
vitamins in metabolism. Since such an investigation involved frequent 
analyses of urine and feces as well as numerous determinations of various 
tissues and endocrine glands, rapid and reliable methods were necessary 
for this type of research. For thiamine we found the method of Hen- 
nessy and Cerecedo (4), as modified by the staff of the research laboratories 

* Research paper No. 748, Journal series, University of Arkansas. Published with 
the approval of the Director of the Arkansas Agricultural Experiment Station. 
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of Merck and Company, Inc., (5) quite satisfactory. For the riboflayip 
content of feces, tissues, and glands we followed the procedures of Conner 
and Straub (6). For the riboflavin content of rat urine we used our modi- 
fication of the method of Hodson and Norris (7) for determining the ribo. 
flavin content of foodstuffs, details of which will be viven later. 

With the exception of one group of eight animals, all the experiments 
were conducted by the paired feeding technique previously used in this 
laboratory (8); z.e., the control animals were restricted to the same amount 
of food as was consumed by the pathological litter mates of the same sex. 
Consequently, the plane of nutrition was eliminated as a possible compli- 
cating factor in the study. The following is the composition of the basal 
ration used for the production of thiamine and riboflavin deficiencies: 
casein (purified),' 20; agar-agar, 2; Sure’s Salts 1, 4 (9); butter fat, 10: 
and cerelose, 64. This ration? was supplemented daily with 20 y of 
thiamine, 20 y of riboflavin, 20 y of pyridoxine, 6 mg. of choline chloride, 
and 200 y of calcium pantothenate. In the experiments on thiamine 
deficiency no vitamin B,; was allowed the avitaminotic rats and in those 
on riboflavin deficiency none of the latter vitamin was given the patho- 
logical animals. Following 2 weeks of thiamine depletion, the avitaminotie 
rats began to lose weight and generally succumbed 3 to 4 weeks thereafter, 
the maximum period of experimentation, therefore, being 6 weeks. The 
results on thirty-two pairs of animals, nineteen pairs of males and thirteen 
pairs of females, show an average loss of weight per animal during the 
vitamin depletion periods of 45.7 gm. for the thiamine-deficient rats and a 
loss of 31.4 gm. per animal for the controls on the same daily food intake, 
which substantiates our previous conclusions that there is a pronounced 
tissue catabolism in thiamine deficiency (8). 

Riboflavin deficiency was produced in twenty-two pairs of animals, the 
depletion periods lasting 55 to 100 days. The symptomatology observed 
was the same as previously reported (10); 7.e., rough hair, alopecia, kera- 
titis, conjunctivitis, and premature senility. In addition, we observed 
that some of the riboflavin-deficient animals, after 5 to 6 weeks depletion, 
developed “blood-caked”’ whiskers, reported by Unna (11) to be present 
in pantothenic acid deficiency. The changes in body weight per animal 
during the entire vitamin depletion periods were as follows: riboflavin- 
deficient, — 22.5 gm.; restricted controls, +36.5 gm. 

Procedures for Thiamine and Riboflavin Determinations in Urine—The 
urine was collected in amber bottles containing 10 drops of toluene and 
0.5 per cent chlorobutanol solution (6), adjusted to a pH of about 1.0 with 
normal sulfurie acid. The latter was added by being poured over the 

| Supplied by The Borden Company, New York, under the trade name of Labeo. 


? To prevent development of rancidity, this ration was compounded twice weekly, 
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filter paper in the bottom of the large funnels placed in metabolism cages, 
a description of which was given in a recent publication (12). In the 
morning the funnels were washed with an additional 7 ec. of the chloro- 
butanol solution. The diluted urine was then filtered in 100 cc. graduated 
evlinders and was brought up to any convenient volume, 20 ec. being that 
generally used. The urine was now divided for thiamine and riboflavin 
determinations. Two 5 ec. portions were pipetted into 50 cc. Erlenmeyer 
fasks for riboflavin determinations and the remaining 10 ce. portion was 
ysed for the thiamine determination. 

Thiamine Procedure—The diluted urine sample was adjusted to a pH 
of approximately 4.2 with sodium acetate buffer with brom-cresol green as 
an outside indicator. After the acidity of the urine was adjusted to the 
desired pH, the urine was transferred from the cylinder to a base exchange 
tube containing 750 mg. of purified Decalso. From then on the thiamine 
determination in urine was carried out by the modified procedures described 
by Merck and Company (5). We used the Pfaltz and Bauer fluoro- 
photometer for both the thiamine and riboflavin determinations. The 
direct determination of thiamine in urine without adsorption (13) proved 
undependable in our experience. 

Riboflavin Procedure—We found by numerous trials that the riboflavin 
content of rat urine could be determined with the same degree of accuracy 
when the adsorption on florisil was omitted, which at the same time dis- 
pensed with the step of elution with dilute pyridine. 95 to 100 per cent 
recoveries of riboflavin added to dilute urine were obtained by the follow- 
ing procedure and the results checked with those obtained by adsorption 
on florisil (6). Our procedure depends on the principle that riboflavin is 
reduced to a non-fluorescent form by sodium hydrosulfite; so that after 
such treatment the fluorescence, emanating from impurities or foreign 
substances in the urine, constitutes the blank. The riboflavin content of 
the urine is then obtained by subtracting the fluorophotometer reading 
after reduction from the initial reading before treatment with sodium 
hydrosulfite and sodium bicarbonate. The following is the technique we 
used: To 5 ec. samples of urine were added 5 drops of 4 per cent KMnO, 
solution and 2 drops of glacial acetic acid. The mixture was then shaken 
vigorously for 2 minutes. 5 drops of 3 per cent H2O¢ solution were then 
added and the mixture was again shaken until all signs of excess KMnO, 
and H.O. disappeared. Enough distilled water was now added to bring 
the volume up to 15 ce. Readings were then made in the fluorophotometer 
which was adjusted so that 0.05 y of riboflavin per cc. (0.75 y in 15 ce. 
of water) gave a galvanometer deflection of 20. After this reading was 
obtained, 0.2 to 0.4 ec. of a solution of 1 gm. of sodium bicarbonate and 
| gm. of sodium hydrosulfite in 20 ec. of distilled water, kept cool in an ice 
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bath, was added and another reading was taken. The difference in the two 
readings gave the fluorescence due to riboflavin. The final reading was 
converted to micrograms by means of a graph constructed by plotting 
micrograms of riboflavin versus galvanometer readings. Since the curve 
is linear, even as low a reading as 0.013 y per cc. is quite accurate. The 
amount of riboflavin in the sample is as follows: The reading from the 
graph X 15 X ((total volume of urine)/(volume used for riboflavin 
determination)) equals micrograms of riboflavin. 

Thiamine and Riboflavin Determinations in Animal Tissues—The vari- 
ous tissues or organs were pooled from groups of five to six pairs of rats, 
equal numbers from avitaminotic and control animals. They were covered 
with 50 per cent ethanol after being cut in thin slices and were dried at 
55° overnight. They were then extracted thoroughly with petroleum 
ether in Soxhlet extractors, finely ground, and analyzed according to the 
procedures given above. The petroleum ether extracts of the tissues were 
found to be entirely free from thiamine and riboflavin. Since at 55° 6 
to 8 per cent moisture was often left in the dried tissues, moisture deter- 
minations were made at 103° and all results were expressed on a moisture- 
free basis. 

Equal amounts of samples were taken of the avitaminotic and control 
animal tissues. To the tissues were added 0.1 N sulfuric acid. If the 
samples weighed 800 mg. or more, 75 cc. of acid were added, but if the 
samples weighed less than 800 mg., 50 cc. were taken. The following 
volumes of acid were used for the glands pooled from thirty-two animals, 
for the thymus and adrenals 50 ec., and for the thyroids and pituitary 25 ee. 
The tissues were autoclaved for 20 minutes at 15 pounds pressure, cooled, 
the pH adjusted to 4.0 to 4.5, 5 ec. of 10 per cent taka-diastase were added, 
and the solutions incubated for 2 hours at 45°. After incubation the pH 
occasionally changed and required readjustment. The solutions were 
transferred to 100 cc. volumetric flasks and brought up to volume. They 
were then centrifuged until clear. Aliquots were taken for thiamine and 
riboflavin determinations and the procedures of Conner and Straub (6) 
were then followed. We were able to recover 90 to 100 per cent of the 
thiamine and riboflavin added to autoclaved extracts of the various ani- 
mal tissues. 

Thiamine and Riboflavin Determinations in Feces—The thiamine deter- 
mination of feces was satisfactorily carried out according to the technique 
adopted for the tissues. The riboflavin determination of feces, however, 
presented considerable difficulties. The results of the first few weeks were 
very erratic, frequently the weekly fecal excretion being twice the total 
intake. The high figures were most probably due to bacterial synthesis, 

such as Lamoreux and Schumacher (14) observed in the case of the fowl. 
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Racterial synthesis in the feces of the rat was recently reported by Wilde- 
mann (15). Following numerous failures we finally were able to reduce 
the riboflavin excretions in the rat feces to what appeared to be reasonable 
figures. The, change rpsponsible for reducing the apparent bacterial 
wnthesis to +n sant proportions consisted in the collection of the 
feces under petroleum ether, the solvent used in the next step for removing 
fats previous to analysis. Feces were collected daily from each animal in 
the metabolism cages in amber bottles which were filled with enough 
petroleum ether to cover the feces. At the end of the metabolism period, 
ysually a week, the feces were removed from the bottles and were placed 
in evaporating dishes in the dark room to dry. After drying, the feces 
were pulverized in a mortar and fat was extracted with petroleum ether 
overnight in Soxhlet extractors. The petroleum ether extracts were free 
fom thiamine and riboflavin. After fat extraction they were analyzed 
by the same procedures as the tissues, the additional precaution taken 
being that the extracts of feces were filtered hot to prevent solidification. 


Thiamine and Riboflavin Interrelationships in Metabolism 

Thiamine Deficiency—The riboflavin and thiamine excretions in the 
urine in thiamine deficiency were studied in thirty-five pairs of rats. Four 
pairs of animals received food ad libitum, while the food of the control rats 
of the rest of the groups was restricted to that consumed by the avitamin- 
otic animals. The metabolism periods ranged from 7 to 14 days. The 
urine was analyzed daily with the exception of Sundays. Monday’s 
sample, therefore, covered a 48 hour period. During thiamine depletions 
we observed not only a marked reduction of thiamine excretion in the 
urine but also a marked disturbance in riboflavin metabolism, as evidenced 
by urinary excretions. The increased riboflavin excretions in individual 
eases of thiamine-deficient animals varied from 2- to 7-fold compared with 
the excretions of the controls. The average weekly riboflavin excretions 
during the avitaminotic period for five groups of rats, comprising twenty- 
four pairs, were as follows: pathological, or thiamine-deficient, 92.5 y; 
restricted controls, 28.37. The average weekly thiamine excretions were 
135 y for the thiamine-deficient animals and 3.84 y for the restricted 
controls. No noteworthy differences were found in fecal excretions be- 
tween pathological and control animals. These figures, however, were 
essential in calculating efficiency of riboflavin and thiamine utilization, 
the results of which are submitted in Tables I and II. 

In Table III are presented summarized results on the influence of thi- 
amine deficiency on the thiamine and riboflavin content of various tissues 
and endocrine glands. The data represent average figures on thirty-two 
pairs of animals, nineteen pairs of males and thirteen pairs of females. 
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While the various organs or tissues were analyzed from groups of five to 


six pairs of animals, the results of which were then averaged, the analyses 


TABLE I 


Infl ence of Thiamine De ficie ncy on E ffic ency of R b »flai in Utilization 





Group No.| Pair Nos. | Animals* | ribodavin | “fecal” Digestible | [eekly | Amount of | RiboQavia 
intake excretion riboflavin exretion utilized 
Vorained 
? 7 7 7 7 per cent 
3 12-17 y 140 26.25 113.75 146.98 33.23 
RC 140 31.38 108.62 11.86 66.76) 61.5 
t 18-23 P 140 27.92 112.08 98 .76 13.32 11.8 
RC 140 {1.00 99.00 21.44 77.56 | 78.4 
5 24-29 P 140 12.81 27.19 65.02 62.17 | 48.1 
RC 140 28.13 111.87 32.22 79.65 71.1 
Average P 22.33 117.67 | 103.59 14.08 112 
RC 33.50 106.55 31.84 74.71 70.1 
2T 7-11 P 350 38.25 311.75 205.16 106.59 34.9 
RC 350 38.20 291.80 04.06 197.74 67.7 
*P = pathological; RC restricted control. 


Tt Group 2 was not included in the average, since each animal instead of receiving 


the regular 20y daily doses of thiamine, riboflavin, and pyridoxine received 50 7 
daily of these vitamins. 


TABLE II 
Influence of Riboflavin Deficiency on Efficiency of Thiamine Utilization 


The weekly intake of thiamine was 140 7 


Group No Pair Nos. Animals* wee Pe urinary . amine a : 
7 7 Y per cent 

l 1-5 P 14.94 125.06 2.66 22.40 97.7 
RC 14.58 125.42 2.38 123.04 98.9 

2 6-11 P 9.50 130.50 2.65 97 85 97.9 
RC 9.25 130.75 2.72 128.03 07.9 

3 12-17 P 9.93 130.07 2.62 27 .45 96.9 
RC 10.18 129.82 2.32 27.50 98.2 

4 18-22 P 6.99 143.01 6.28 136.73 95.5 
RC 2.91 137.09 5.07 132.02 96.2 

°p pathological; RC = restricted control. 


on the glands were carried out on the pooled material collected from all the 
thirty-two pairs of animals, in order to have a sufficiency for thiamine 
and riboflavin determinations. 
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That there is a marked reduction in thiamine content of all the organs 
yd endocrines in thiamine deficiency is quite evident, the greatest losses of 
ritamin occurring in liver, kidney, heart, and thymus. There are, how- 
wer, also appreciable losses of riboflavin from the lung, ovaries, and mus- 
Jes, and small losses from the rest of the body tissues in thiamine avitamin- 
sis, The losses from the muscles, although not pronounced, are most 
jgnificant, because they represent the largest weight of the carcass of the 

TaB_e III 
Influence of Thiamine Deficiency on Thiamine and Riboflavin Content of Various 

Tissues and Endocrine Glands 

The data were obtained from thirty-two pairs of animals, nineteen pairs of males 
nd thirteen pairs of females. 

Thiamine Change in Riboflavin Change in 

_— yatho- | _ atho- 
oo Control b. ~ 4 Patho- Control L. | 

ogical logical 

y per gm. | y per gm per cent | y pergm. vy per gm. | per cent 

Liver 1.55 | 6.90 | —77.5| 36.70 | 41.28 | —11.1 
Kidney 1.69 8.28 | —79.6 | 43.43 | 48.75 | —10.9 
Spleen 2.52 6.60 | —61.8| 15.11 | 16.10 | —6.1 
Heart 2.16 | 9.48 | —77.2| 34.43 | 39.13 | —12.0 
Lung 1.56 3.76 | —58.5 8.81 10.39 | —15.2 
Brain 3.95 6.89 | —42.4 7.59 8.13 —6.6 
Testes 5.25 10.63 — 50.6 5.45 5.64 —3.3 
Ovaries t.09 8.92 —54.2 | 22.55 29.65 —23.9 
Stomach 1.41 3.50 | —59.7 | 13.02 13.73 —5.2 
Small intestines 0.81 2.08 | —61.1 8.27 9.23 | —10.4 
Large " 0.83 2.20 | —62.3 7.77 8.99 | —13.6 
Pancreas L.O1 2.45 —58.8 14.44 15.94 —9.6 
Muscles 0.23 0.62 | —62.9 1.62 2.01 | —19.4 
Thymus 1.00 19.00 | —78.9 | 11.50 12.64 —9.1 
Thyroids 5.00 8.00 | —37.5 | 33.33 34.72 —4.0 
Adrenals 9.00 16.00 | —43.8 | 31.25 | 35.62 | —12.3 
Pituitary +. 50 6.00 | —25.0 | 56.82 | 80.60 | —29.6 


imal. In sampling for muscle tissue, all the muscles were dissected out, 
lried, and analyzed as previously described. Therefore, the results are 
ite representative for the entire animal rather than portions of the various 
inimals used in this study. 

The approximate total weights of the glands were as follows: Thymus 
70 mg., adrenals 200 mg., thyroids 75 mg., and pituitary 32 mg. The 
total weight of the thymus glands from the control animals was consider- 
ably more but the amount sampled was 270 mg., since this was the total 
weight of the thymus glands of the avitaminotic rats. While the total 
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weights seem too small for dependable results, the actual total amounts of 
riboflavin measured ranged between 0.113 and 1.313 y, which can be 
measured accurately in the Pfaltz and Bauer instrument. Therefore, the 
loss of about 30 per cent riboflavin in the pituitary in thiamine deficiency 
seems significant. The thiamine values in the glands, however, ranged 
between 0.13 and 0.6 y. The modified Hennessy and Cerecedo procedures 
(5) call for the determination of approximately 1.0 y of thiamine for the 
greatest accuracy. While this was possible for some of the tissues, such as 
muscle, liver, and kidney, in many tissues we were obliged to read less than 
1.0 y and in urines of thiamine-deficient animals we frequently found only 
0.2 y of thiamine. The results, however, while not quantitative in the 
cases of low readings, show a relationship between avitaminotic and control 
animals. Nevertheless, we are convinced that the endocrine glands of the 
rat, particularly the thyroid and pituitary, need a more sensitive method, 
such as the microbiological method, for measurements of such minute 
amounts of vitamins. Our results may therefore be considered suggestive 
of what may be found with a more sensitive microtechnique. 

Since both fecal and urinary excretions of riboflavin in thiamine deficiency 
are available for four groups of animals, it was possible to calculate the 
amounts of riboflavin that were digested and absorbed and the percentage 
that was utilized. Group 3 (Table I) showed a negative balance, while the 
thiamine-deficient animals of Groups 2, 4, and 5 showed tremendous reduc- 
tion in efficiency of riboflavin utilization compared with the control 
animals that received 20 to 50 y of thiamine daily. The average efficiency 
of riboflavin utilization for Groups 3, 4, and 5 was as follows: thiamine- 
deficient 11.2 per cent, restricted controls 70.1 per cent. It is clear from 
Table I that the greater losses of riboflavin in thiamine deficiency are due 
mainly to poor absorption. In the case of negative riboflavin balances, 
some of the riboflavin excreted in thé urine undoubtedly originated from 
losses from the tissues, particularly the muscles. 

Riboflavin Deficiency—The urinary and fecal excretions of thiamine and 
riboflavin in riboflavin deficiency were studied in twenty-two pairs of male 
rats (four groups) during vitamin depletion periods ranging from 31 to 78 
days. The animals were, however, sacrificed for their tissues during ad- 
vanced to terminal stages of deficiency which covered periods ranging from 
55 to 100 days. The thiamine and riboflavin content of the various tissues 
(Table IV), therefore, includes that of animals that were well depleted of 
riboflavin. Since twenty-two animals did not provide enough material for 
analyses of the endocrine glands, the latter were not included in this study. 
That there are marked reductions of riboflavin in all the body tissues in 
riboflavin deficiency is evident from Table IV. The relatively smaller 
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losses of riboflavin from the body tissues in riboflavin avitaminosis than the 
losses of thiamine from the animal organs in thiamine deficiency are due to 
the fact that the animals in the latter avitaminosis were in a more ad- 


‘vanced vitamin-depleted state than the animals in riboflavin deficiency. It 


isclear from Table II that even in advanced states of riboflavin deficiency, 
characterized by losses of body weight and general symptomatology, there 
is absolutely no disturbance in thiamine metabolism. 

The results of this investigation may have considerable human applica- 
tion. Since it is now generally recognized that thiamine deficiency is 
wide-spread in this country (16), it is quite possible that border line ribofla- 


TaBLe IV 
Influence of Riboflavin Deficiency on Riboflavin and Thiamine Content of Various 
Tissues 


The data were obtained from twenty-two pairs of male rats. 


Riboflavin Change in Thiamine Change in 
Tissue = tho- 
Kapeou ,. ogical >. ; logical 
Patho- Control animals : atho Control animals 
logical logical 


y per gm. | vy per gm. per cent y per gm. | y per gm. per cent 


Liver 24.48 53.16 — 54.0 5.81 6.27 —7.3 
| Kidney 15.74 74.69 -38.7 | 7.00 7.36 —4.9 
Spleen 16.21 28.64 | —43.4 5.37 5.19 +3.4 
Heart 36.62 59.59 —38.5 9.60 10.34 —7.1 
Lung 9 84 19.90 -~ 50.6 3.55 3.68 —3.5 
Brain 6.64 13.15 19.5 5.91 6.21 —4.8 
Testes 8.48 16.05 $7.2 | 23.31 22.40 +4.1 
Stomach 6.85 16.56 -58.7 3.64 3.83 —4.9 
Small intestines 7.16 13.16 —45.5 3.15 3.30 —4.6 
Large - 6.69 13.94 —52.0 3.35 3.50 —4.3 
Pancreas 9.60 19.78 | —51.5 2.98 3.80 —21.6 
| Muscles 1.90 3.86 — 50.0 0.59 0.67 —11.8 








vin deficiencies may exist not only from inadequate riboflavin intake but 
also from poor utilization of the latter vitamin caused by thiamine deficiency. 
On the other hand, a diet abundant in thiamine may prevent riboflavin 
deficiency produced by insufficient riboflavin intake. These are, however, 


problems for the clinicians to solve. 


SUMMARY 


In thiamine deficiency there is a pronounced disturbance in riboflavin 
: : . Ye TON ; ° . 
metabolism, mainly because of poor abeseptons However, in riboflavin 
deficiency there is no disturbance in thiamine metabolism. 
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STUDIES ON THE METABOLISM OF BRAIN SUSPENSIONS 
II. CARBOHYDRATE UTILIZATION* 


By K. A. C. ELLIOTT, D. B. McNAIR SCOTT, anv B. LIBET 
(From the Institute of the Pennsylvania Hospital, Philade lphia 


teceived for publication, July 9, 1942) 


In a previous paper (1) conditions which affect the respiration of brain 
preparations were described and it was shown that suspensions of brain 
tissue, prepared in isotonic medium under proper conditions, are perhaps 
more suitable than slices for the study of brain tissue metabolism and 
allow much more accurate sampling for gasometrie and analytical studies. 

A study has now been made of the extent to which the respiration of 
isotonie brain tissue suspensions can take place at the expense of glucose, 
lactate, or pyruvate. It is shown that brain tissue can metabolize non- 
earbohvdrate materials, particularly when the normal substrate is lacking. 
Consumption of non-carbohydrate substances by the brain may be an 
important aspect of the insulin shock treatment for psychoses. Differ- 
ences in behavior between glucose and lactate as substrates for brain tissue 
respiration have been noted. These differences may help to explain the 
observations by other workers that lactate is readily utilized by brain 
tissue 7n vitro and yet does not seem to support normal functions of the 


brain in vivo. 
Procedure 


Whole rat brains were homogenized, by means of the instrument of 
Potter and Elvehjem (2), in warm Ringer-0.017 m phosphate solution 

Krebs (3)) containing magnesium ions but with calcium omitted. Suff- 
cient amounts of isotonic solutions of glucose (0.24 m), sodium pyruvate, 
or sodium d-lactate (0.13 m), dissolved in 0.017 mM phosphate buffer contain- 
ing 0.0012 m MgSO,, were added to the tissue suspensions to give calcu- 
lated initial concentrations of 0.15 per cent glucose or 0.2 per cent (0.022 m) 
pyruvie or lactic acid. The suspensions, after the additions were made, 
contained 150 mg. of fresh weight of tissue per cc. 

Samples of the suspensions were pipetted into manometer flasks for 
gasometric measurements, and, for analytical measurements, similar sam- 
ples were pipetted into spare manometer flasks, and all were shaken in the 
bath at 38°. Some of the analysis flasks were removed from the bath 


_ after 63 minutes, just before the manometer taps were closed, others at 


* Presented in part before the American Society of Biological Chemists at Boston, 
April, 1942 
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the end of the experimental period Che contents of the flasks were rapidly 


mixed and measured amounts were immediately pipetted into prepared 
vessels containing zine sulfate solution, trichloroacetic acid, or sulfurie 
acid according to the determinations to be made 


ts were tasted 


For experiments on brains from insulinized animals, r: 
overnight and then received 3 units of insulin' intramuscularly. The ani- 
mals were stuporous within an hour and within 2 hours some suffered 
convulsions. When four or five had had convulsions, they were deeapi- 
tated for the experiment 

Respiration Measurements—For measurements of oxvgen uptake, 3 ee. 
of suspension (450 mg. of tissue) were used in the flasks of Barcroft dif- 
ferential manometers. The gas space contained air, and COQ, was absorbed 
hy filter paper rolls soaked in KOH solution. 

Respiratory quotients were determined according to the method of FI- 
liott and Elliott | The validity of this method depends upon the 
assumption that the rate of oxvgen uptake is the same in the absence of 
CO. (absorbed by alkali-soaked paper) as in the presence of COs accu- 
mulating from the respiration. This assumption was shown to be valid 
for brain tissue. The oxygen uptake of a given suspension in the presence 
of alkali-soaked paper was found to agree exactly with that measured by 
the Dixon-Keilin apparatus in which COs is not absorbed until after the 
end of the experimental period. Also, in the previous paper (1) it was 
shown that respiration occurred at the same rate in the presence or absence 


of added bicarbonate and 5 per cent C¢ Mo, 
Analytical Mi thods 


Glucose—The tissue suspension, 7.5 ec., was pipetted into a 25 ee. volu- 
metric flask containing 2.5 ec. of 10 per cent ZnSO,-7H-2O and some water; 
2.5 cc. of 0.5 N NaOH were immediately added with shaking and the volume 
was made up to 25 ec. with water.2. Smaller samples, 5 or 6 ec., were 
sometimes taken with correspondingly smaller amounts of reagents. The 
fluid was centrifuged and 2 ec. or 1 ce. samples of the supernatant fluid 
were taken for duplicate determinations of reducing substances. Some- 
times non-fermentable reducing substances were determined after veast 
treatment. 

The determinations were made by the method of Benedict except that, 
after the 6 minute heating with the copper reagent, the color reagent was 
added directly without cooling and the color was determined with the 


' Aqueous solutions of amorphous insulin, kindly supplied by Eli Lilly and Com- 


pany, were used 


Protein precipitation with tungstic acid was not suitable, since high values are 
obtained if tungstate remains in the filtrate It is difficult to adjust the amount of 


tungstate used sO that if is eXa tly 1 ‘Tn ved by the protein pre cipit ite 
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Klett-Summerson photoelectric colorimeter 20 minutes after addition of 
the color reagent and dilution (Elliott ef al. (5)). Two standard glucose 
solutions of different strengths and a blank were run with every set of 


| determinations and the glucose equivalents of reducing substances in the 


unknowns were read off from the standard curve. 
Total Carbohydrate—Usually 3 ec. of the tissue suspension were pipetted 
into a 15 ce. centrifuge tube containing 2 ec. of 5 nN HeSO, and 5 ec. of 


water. The tube was covered with a small funnel with a cut off stem; a 
thin glass rod passing through the funnel was used to stir the fluid occa- 
sionally. The tube was heated for 3 hours in a boiling water bath. The 


fluid was then neutralized to about pH 7 with 2 nN NaOH from a burette, 
very small strips of Alkacid paper, handled with forceps, being used to 
test the pH. The neutralized fluid was introduced quantitatively into a 
25 ce. volumetric flask by means of a dropping pipette; 1 cc. of 10 per cent 


ZO 


| ZnSO,-7H2O and 1 ec. of 0.5 N NaOH were added and the volume made up 


to25 ce. The fluid was filtered and reducing substances were determined 
in duplicate before and after fermentation in the same way as for glucose. 
The recovery of standard glucose solutions treated with acid and heat was 
%} to 97 per cent. In some cases the standards for total carbohydrate 


| analvsis were treated with acid and heat; in other cases the usual standards 


were used and the unknowns corrected by multiplying by 1.03. 

YS to 100 per cent of glucose, 1.5 mg. per ce. of suspension, added to 
brain suspensions immediately before deproteinization with Zn(OQH). or 
treatment with acid, was recovered. 

Effect of Pyruvate on Glucose Determinations Pyruvate affects the Bene- 
dict determination appreciably. The effect of pyruvate decreases in a 
roughly linear manner with increase in the depth of color developed, 
whether the increased depth of color is due to glucose or to pyruvate itself, 


| At low colorimeter readings, | mg. of pyruvie acid in the sample treated 











gives a color equivalent to that due to about 0.12 mg. of glucose; in the 
presence of 0.4 mg. of glucose, 1 mg. of pyruvic acid gives additional color 
equivalent to 0.06 mg. of glucose. 

In experiments in which pyruvate was added as substrate, the appar- 
ent glucose and total carbohydrate values were corrected for the effect, 
at the particular colorimeter reading, of the amount of pyruvate present in 
the sample analyzed. The effect of pyruvate per mg. was estimated from 
an approximate curve of the pyruvate effect versus the colorimeter reading. 
After acid hydrolysis for the determination of total carbohydrate, the 
effect of pyruvate originally present was lower and the glucose equivalent 
was read from a different curve. The washed veast used did not des- 
troy pyruvate; so that the correction had to be applied also to the values for 
non-fermentable reducing substances. 

Lactic acid was determined on deproteinized filtrates, after removal of 
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ar with CuSQO,-Ca(OH)s, by the method of Barker and Summerson (6), 


‘ 
s~Uss ct 


Either zine hydroxide filtrates, obtained directly or after acid hydrolysis, 
or trichloroacetic ac id filtrates could be used. The filtrates were so diluted 
that between | and 5 y of lactic acid were present in the final 1 ec. analyzed, 
.ce the color developed per unit of lactic acid often tended to fall off 
with amounts greater than 5 5 Duplicate determinations on the Sugar- 


free fluid wer always made and two standard lithium lactate solutions 


and a blank, treated with CuSO,-Ca(OH )so, were run with every set of de- 
terminations. 97 per cent of lactic acid, 1.5 mg. per cc. of suspension, 
added to brain suspension immediately before deproteinization, was re- 


Barker and Summerson (6) found that pvruvie acid affects the lactie 
acid determination, 1 y of pyvruvis cid giving a color equivalent to that 
resulting from 0.025 7 Ol lactie acid, but that the CuS¢ ».-Ca(OH » treat- 


+ - ty 


ment would remove up to. y O yvruvie acid per ce. ol final solution ana- 
lvzed. Ina large number of trials with 5 to 30 y of pyruvic acid per cc. of 
final solution, in the presence or absence of lactic acid, we found the aver- 
age color produced per microgram of pyruvic acid, at all concentrations of 


pvruvie acid, was equivalent to that given by 0.030 y of lactic acid, with 


small variations. There was no sign of any pyruvate removal by CuSO,- 
Ca(OH pres mably our reagents or conditions varied slightly from those 
of Barker and Summerson Ir experiments in which pyruvic acid was 


added, pyruvic acid was determined separately and appropriate corrections 


were applied to the apparent lactic acid values 


Pyrwvic Acid—The suspension, 3 ec., was pipetted into 7 per cent tri- 
pl} | 
chloroace tic acid solution and made up to 10 or 25 e The filtrate was 


diluted as necessary and pyruvic acid was determined by the method of 
Lu (7) as modified by Bueding and Wortis (8). The range of the method 
is wider than was realized by the latter authors, since the colo developed 
bears a straight line relationship to the pyruvic acid in the sample analyzed 
up to 40 y. Blanks were run with every set of determinations and, when 
large amounts of pyruvate were present, fresh standard sodium pyruvate 
solutions were also run. 95 per cent of pyruvic acid, 1.8 mg. per ce. 
of suspension, added immediately before deproteinization, was recovered. 
Probably small amounts were reduced to lactic acid or otherwise metabo- 
lized before the enzymes were inactivated. If the pyruvate was added after 
the protein precipitation, recovery was 100 per cent. Protein precipita- 
tion by ZnSOQy-NaOH often gave rather low recoveries of added pyruvate, 
but with the traces of pyruvate which are found when no pyruvate had 
been added to the tissue, either method of deproteinization seemed suitable. 

Acetic acid was determined by steam distillation at atmosphe ric pressure 
by means of distilling apparatus with ground glass joints kindly loaned to 


us by Dr. W. C. Stadie. The determinations had to be made on tissue 


‘ 
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| filtrates containing lactate, pyruvate, and chloride. Lactic and pyruvic 

acids, particularly the latter, distil over appreciably and, if the pH of the 
| solution is too low, HCl may also come over. By treating the solution with 

| phenylhydrazine much of the pyruvic acid can be removed but this method 

| did not completely prevent the effect of pyruvic acid on blank determina- 
tions. The most satisfactory separation of acetic acid from both pyruvic 
and lactic acids was achieved by distillation and redistillation before the 
final titration. By acidifving with KH2PO, for the first distillation, acetic 
acid distilled over without appreciable amounts of HCl coming over. A 
large amount of phosphate was used, since acetic acid distils more readily 
from strong salt solution (9). Care had to be taken to avoid overheating, 
since this always resulted in high blank determinations. This occurred 
if the fluid in the distilling flask was brought to boiling before steam was 
admitted. The determination was carried out as follows: 

The tissue suspension was deproteinized with ZnSO -NaOH as for 

gucose determinations. A 4 or 5 ce. sample of the supernatant fluid was 
measured into the distillation flask and 2 gm. of solid KHePO, were added. 
Steam was admitted to the distillation flask and then a heating coil was 
adjusted below so that the volume of fluid in the flask remained about 5 ec. 
50 ec. of distillate were collected in an Erlenmeyer flask and made alkaline 
to brom-thvmol blue with 0.005 x NaOH. The solution was boiled down 
to 2 to 3 ec. on an electric hot-plate; small beads were used to prevent 
|sputtering. Care had to be taken not to allow the solution to evaporate 
dry; otherwise low values were obtained. The fluid was introduced quan- 
titatively into the rinsed distilling flask to which 0.5 ec. of syrupy phos- 
phoric acid was added. Steam distillation was carried out as before, 35 cc. 
of distillate being collected in a 50 ec. centrifuge tube. Nitrogen was 
bubbled through the distillate for 6 to 8 minutes and titration was then 
earried out with freshly standardized CO,.-free 0.005 xn NaOH from a 
micro burette with brom-thymol blue as indicator, stirring being accom- 
plished by continued bubbling. The distillation apparatus was steamed 
thoroughly before every distillation. The accidental presence of phosphate 
in the distillates was frequently tested for by the method of Feigl (10) 
but was found very rarely. 

Complete blank determinations were carried out and the blank titration 
value, about 0.08 cc., was deducted from the values given by the tissue 
filtrates. The presence of 1.8 mg. each of pyruvic and lactic acids per cc. 
of suspension, giving about 2 mg. of each in the 4 ce. filtrate analyzed, 
warcely affected the blank titration. 94 to 104 per cent of acetic acid, 
).25 to 0.5 mg. per cc. of suspension, added to brain suspension immediately 
before deproteinization and giving 0.3 to 0.6 mg. in the 4 cc. of filtrate 
analyzed, was recovered. 

The method, of course, is not specific for acetic acid but we know of no 
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other volatile acids which would be produced in these experiments and 
affect the final titration very considerably. However, completely false 

alues may be found if it is attempted to obtain larger titration values by 
taking larger samples, alkalinizing, and evaporating them down to the 4 ee. 
required for distillation. Solutions containing small amounts of glucose. 
when heated in dilute alkali, give rise to appreciable amounts of acetie 
acid, aS was proved bv the high titration values and the lanthanum nitrate 
test of Kriiger and Techireh (10 applied to concentrated distillates. 


> , 
Re Sullts 


In Table I the results of typical single experiments are presented. In 
Table II balance sheets have been drawn up from averages of several 
closely agreeing similar experiments to show the extent to which the vas 
exchange, measured manometrically, could be accounted for by the com- 
bustion or formation of the substances analvzed When a substance, 


<A\ go] icose, disappears, the oxvgen which would he absorbed In its com- 


Jlete combustion is entered as a negative quantity When a substance 
like lactic acid is formed, presumably from the glucose, the oxygen which 


would be required for oxidation of the amount formed during the experl- 


mental pe riod is entered as a positive quantity. Chen the algebraic sum 
ol the oxygen required for all the changes represents the actual gas usage 
possibly accounted for. It can be shown that this method ot accounting 
also gives correct results in the more complicated situation when pyruvate 
is added and some of the pyruvate Is completely oxidized, some is oxidized 
to acetate and C¢ Jo, and some is reduced to lactate. 

Che balance sheets have to be interpreted with caution. There are un- 
loubtedly changes, which have not been determined, in various inter- 
mediaries of carbohydrate metabolism, such as succinic and a-ketoglutarie 
acids. However, with chopped rat brain Elliott and Greig (11) found only 
small accumulations of succinate from pyruvate and probably less would 
iccumulate from other substances. Except when pyruvate and acetate 
were added to the suspensions, these substances were present only as 
traces, changes in which were small. It seems unlikelv that large amounts 
ot any single other intermediary product of glucose, lactate, or pvruvate 
metabolism would accumulate or disappear in a system free of special 
inhibitors, but the sum of small changes in a number of intermediaries 
not determined might be appreciable. 

The oxygen uptakes with different substrates shown in Tables I and II 
re not directly comparable with each other, since they were obtained with 
suspensions from different rats However, series of experiments in which 
the effects of the various substrates on samples of the same tissue suspen- 
sion were compared gave results not materially different from the averag 


lues given in Table IT. 
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Glucose—From studies of arteriovenous differences, Himwich ef al. (12), 
Lennox ef al. (13), Wortis et al. (14), and Courtice (15) have reported aver- 


TaBLe | 
Examples of Manomet and Analytical Results on Brain S ispensior 
The results are expressed per ce. of suspension containing 150 mg. of fresh weight 
f whole brain 
Reducing substances as glucose 
Direct Hydrolyzed 
S 0 . Fe Lact Py \ 
| Non Y ble a i | 1 
pd gl <stGs8 ment — 
drate 
PL PPT m me me mM me me meg 
wose, 1.5 Zero 1.27 2.16 0.71 1.45 0.36 0.006 0.03 
mg. per cx 120 min 0.39 1.16 0.62 | 0.54 0.61 0.011 0.07 
Change 174 0.92 0.88 —0.91 +0.25 +0.005 +0.04 
ldition Zero 0.00 0.63 0.48 0.15 0.117 0.007 0.02 
120 min 0.00 0.63 0.48 0.15 0.007) 0.001) 0.05 
(‘hange 267 O.86 0.00 0.00 —0.110)—0.006 +0.038 
vo addition Zere 0.00 0.72 0.62 0.10 0.037 0.04 
insulin 120 min 0.01 0.68 0.55 0.13 0.024 0.06 
ized rats Change 159 O.SO +0.01 +0.03 —0.013 +0.02 
Vruvic Zero 0.0110.74 0.54 0.20; 0.193) 1.75 0.02 
icid, 2 mg 120 min 0.0170.77 0.56 0.21 0.354 0.70 0.11 
per c¢ Change 172 1.20 +0.006 +0.01,+0.161/—1.05 +0.09 
Lactic Zero 0.00 0.69 0.57 0.12) 2.09 0.009 0.04 
acid, 2 mg 120 min 0.01 0.71 0.55 0.16) 1.62 0.021 0.08 
per Change 133 0.89 +0.01 +0.04,—0.47 |+0.012 +0.04 
ilucose + Zero 1.26 2.10 0.58 1.52} 0.32 1.89 0.06 
pyruvic 120 min 0.58 1.39 0.58 0.81) 1.02) 0.86) 0.14 
acid (Change 521 1.18 —0.68 —(0.71'+0.70 |—1.03 |+0.08 
ducose + Zero 1.27 |2.15 0.65 1.50) 2.17 0.010 0.03 
d-lactic 120 min 0.67 1.47 0.57 0.90; 2.22 0.016; 0.07 
cid Change 153 0.89 0.60 —0.60 +0.05 +0.006'+0.04 
ilyeogen, Zero 0.01 3.99 0.53 3.46 0.128 0.03 
3mg. per 120 min. 0.15 3.78 0.53 3.25 0.035 0.04 
ec. Change 323 0.90 +0.14 —0.21 —0.093) +0.01 


***Zero”’ samples were taken after 7 minutes shaking at 38°, about 15 minutes 
iter mixing with the substrate. ‘120 min.’ samples were taken 120 minutes after 
ero time 

t Non-fermentable reducing substances were between 0.03 and 0.05 mg. (as 
ducose) per ce. Since they did not change significantly in amount during the 


‘periments, they were not determined in all experiments. 


ge k.Q. values ranging from 0.95 to 1.0, with wide variations between 
udividual determinations, for the respiration of the brains of animals and 
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normal human subjects in vivo. It was found that combustion of the 
glucose which disappeared from the blood during circulation through the 
brain, provided the level of blood sugar had not recently been greatly 
changed, could account approximately for the entire oxygen usage. With 
slices of rat brain cortex, Dickens and Simer (16) found r.q. values averag- 
ing 0.99 in phosphate-Ringer’s medium, 0.98 in bicarbonate-Ringer. El- 
liott and Baker (17) found r.q. values averaging 0.86, but later Elliott 
et al. (18) and Baker et al. (19), observing certain precautions, found values 
averaging 0.94 in bicarbonate-Ringer.’ With the whole brain suspensions 
used in the present work, the r.q. in the presence of glucose has varied 
between 0.90 and 0.94. The r.q. generally found in vitro is thus a little 
lower than seems to be the true value in vivo. 

The averages of figures given by Baker et al. (19) indicated that com- 
plete combustion of the glucose disappearing from the medium, after 
making allowance for the unconsumed lactic acid formed from some of the 
glucose, could account for about 76 per cent of the oxygen uptake with rat 


| cortex slices, 84 per cent with cat cortex slices. Results shown in Table II, 


obtained by a more accurate experimental procedure, confirm the conclu- 
sion that glucose metabolism can account for most of the respiration of 
brain tissue in glucose-containing medium. Slightly more total carbo- 
hvdrate appeared to be used than glucose. The difference may be due to 
the fact that hexose phosphates would be more completely included in 


| reducing values determined after hydrolysis. 


If we assumed that all the carbohydrate not otherwise accounted for was 
completely oxidized, causing CO, evolution and O:, absorption in equal 
amounts, it would appear that glucose (or total carbohydrate) metabolism 
could account for 92 (or 99) per cent of the respiratory CO, but only 84 
or 90) per cent of the oxygen uptake. This might suggest that some other 


* Dickens (20) maintained that the low figures of Elliott and Baker were contrary 
to the results of other workers. However, none of the references he cited as giving 
an R.q. of 1.0 seems valid. For instance, Meyerhof and Lohman (21) measured the 

apparent R.q.’’ in which CO, liberated by acid is included with the respiratory COQ). 
Papers by Himwich et al. were quoted, but Dr. Himwich informed us that he later ob- 
tained relatively low R.q. values, and such values are published by Himwich et al. 
22,19 Ashford and Holmes (23) mention an R.q. close to unity in text and sum- 
mary but the mean figure appearing in their table is0.91. The only figures given by 
Loebel (24) are for brain in the presence of fructose. Gerard and Schachter (25), also 
juoted, give no measurement of R.q. at all. A paper by Gayda was quoted but this 
ras not available to us nor apparently to Dickens, since it was quoted at second-hand. 
The remainder of Dickens’ criticisms could be similarly answered. However, Elliott 

al. (18) noted that brain slices show strong aerobic glycolysis for a short time. 
This can cause CO, liberation from the medium before the manometer taps are closed, 
nd, unless this is carefully controlled, either high or low r.q. values may be obtained 


e usual methods. 
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substances in the tissue were oxidized with verv little CO. evolution. More 
probably oxidation of the glucose was not quite complete - so that less than 
the eal ulated COs and oxygen exchanges should be aseribed to glucose 
oxidation and more than 16 (or 10 per cent ol the oxvgen uptake must be 
due to the combustion of non-carbohydrate material. Perhaps under nor- 


nal eonditions nm vee glucose oxidation is more complete and less non- 


rbohvdrate oxidation occurs. 


When glucose was added to a suspension, there was a rapid accumula- 
tion ot lactate during the equilibration period followed b slower increase 
in lactate concentration during the experiment. Similar observations were 
made with slices of cortex by Elhott ef al. (18). This aerobic lactie acid 


accumulation may be a non-physiological phenomenon occurring only 


; 
In the presence ol glucose, brains from insulin-treated rats showed no 
significant differences from normal brains. The respiration was somewhat 


greater than the average but within the normal range. 

In all experiments in the presence of glucose the rate of respiration was 
well maintained (Meg present, see 1)). The oxvgen uptake 1n the fourth 
half hour was about 75 per cent of that in the first half hour. 

Vo Added Substrate—In the absence of added substrate the respiration 
ite was initially slightly lower than in the presence ol glucose and the 
ate fell off considerably more rapidly Over a 2 hour pe riod the total 
xXVgel uptake was about 60 per cent ol that found with glucose Suspen- 
sions containing no added substrate always contained initially a small 


imount of lactic acid, about 0.13 mg. per cc. or 0.85 mg. per gm. of fresh 


tissue. This lactic acid was largely consumed during the experimental 
period, the greater part of it being used up in the Ist how ()xidation of 


This lactie acid accounted tol about 24 per cent of the respiration over 


2? hours Chere was virtually no glucose present originally and the total 
rbohvdrate showed no appreciable change; so that tl emaining 76 
ent of the respiration must be due to the combustion of non-carbo- 

lrate material. The rather low r.q. of 0.87 reflects this 
Phe lactie acid found in the suspensions was presumably formed, during 
the preparation of the suspensions, by glvcolvsis of glucose present in the 
iin at death (26, 27 \s was found by Holmes and Shi 26) with 
ice, when the blood glucose of rats had been reduced by i n treatment, 
! ie of lactate was found in the brain suspensio1 Che respiration 
<uspension of the brains of insulinized rats without strate addition 
= lower than that of normal brain suspensions; the R.q. was 0.80 and 
lactate combustion could not account for more than 6 per cent of the 


4s 
<piration 


Holmes (28) observed that lactate oxidation could not account for the 
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respiration of normal or insulinized rabbit or mouse brain when no sub- 
strate had been added. He concluded that considerable non-carbohydrate 
oxidation occurred in brain and assumed that this would continue in the 
presence of glucose. The data here presented indicate that glucose sup- 
presses much of the oxidation of non-carbohydrate material. With nor- 
mal brains, when no substrate had been added, the oxygen consumed by 
non-carbohydrate material was equal to about 46 per cent (76 per cent 
of 60 per cent) of the total oxygen uptake observed in the presence of 
glucose. But only about 16 per cent of non-carbohydrate oxidation actu- 
ally occurs in the presence of glucose. However, it seems probable that, 
under conditions of severe hypoglycemia, the brain in vivo may oxidize 
non-carbohydrate material, though such oxidations, at least during coma, 
are not adequate to support normal brain functions. 

Pyruvate—In the presence of added pyruvate the respiration rate was 


, somewhat greater than in the presence of glucose. The R.q. averaged 1.21 


and the oxygen uptake and COs. evolution were slightly less than could 
be accounted for by the pyruvate disappearing after allowance was made 
for the lactate and acetate formed. Apparently small amounts of other 
products of incomplete combustion were formed. Pyruvate thus seems 
to be even more active than glucose in suppressing all the non-carbohydrate 
xidations which occur in the absence of added substrate. 

Krebs and Johnson (29) and Elliott et al. (18) showed that, anaero- 
bically, various sliced tissues including brain cause some dismutation of 
pyruvate whereby 2 molecules of the latter yield 1 molecule each of ace- 
tate, lactate, and CO,.. Long (30) estimated that about 25 per cent of the 
pyruvic acid metabolized aerobically by pigeon brain mash was converted 
toacetic acid, 5 per cent by dismutation and 20 per cent by direct oxidation. 
Long did not actually determine the total pyruvie acid utilized. With 
rat brain we found that on the average only about 14 per cent of the pyruvic 
wid metabolized was converted to acetic acid. Since nearly an equiva- 
ent amount, about 12 per cent of the pyruvic acid, was reduced to lactic 
wid, dismutation could account for almost all the acetic acid formed and 
there was very little formed by direct oxidation. However, there is prob- 
bly no fundamental difference between oxidation and dismutation; it 
s probably merely a question of whether other pyruvate molecules or 
ther substances accept the hydrogen made available in the oxidation 
f pyruvate to acetate and CO. 

It should be noted that the amourt of lactate formed from pyruvate 
ras less than the amount which accumulated by aerobic glycolysis from 
gucose. The equilibrium between pyruvate + reduced DPN* and lac- 


‘ Diphosphopyridine nucleotide 
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tate + DPN is well known to tend strongly toward reduction of pyruvate 
to lactate. sut it seems that, in the absence of metabolites formed from 
glucose, other reducing systems are not sufficiently active to keep the 
DPN re duced; so that there is less tendency for pyruvate to be reduced 
and more tendency for it to undergo oxidative metabolism. 

Previous workers (see e.g. (4)) have shown that acetoacetate is formed 
from pyruvate by liver tissue. No acetoacetate formation by brain tissue 
was detected by the aniline citrate method (31 

When pyruvate and glucose were added together, the oxygen uptake 
was about the same as with pyruvate alone and greater® than with glucose 
alone. When large amounts of two substrates were present, less accuracy 
and wider variations were to be expected in the balance sheet. But the 
main observations were consistent and far beyond experimental error, 
Both substances disappeared but the consumption of pyruvate was con- 
siderably greater than that of glucose. Pyruvate seems clearly to be able 
to compete with glucose as a substrate for brain respiration. This would 
be expected if pyruvate were an intermediary product of glucose metabo- 


lism. The lactate production was greater than the sum of the amounts 
found with glucose or pyruvate alone. Stimulation of glycolysis by 
pyruvie acid is well known. 

Traces of material estimated as pyruvate were always found ‘in experi- 

ents with added glucose or lactate or no added substrate, but changes in 
the amount were not large enough appreciably to affect the balance sheets 
for those experiments. 

Lactate In the presence Ol added lactate, the respiration rate was 
initially somewhat greater than with glucose but fell off rather more 
rapidly; so that the total oxvgen uptake over 2 hours was about the same 
lucose or lactate. Lactate combustion accounted for only about 
3 per cent of the total respiration and the r.q. of 0.88 was slightly lower 
than was found with glucose. Apparently lactic acid cannot suppress the 
oxidation ol non-earbohy drate material as eficiently as does glucose. \sh- 
ford and Holmes (23) found with chopped rabbit brain and high lactate 


concentrations, 0.03 m or higher, presumably di-lactate, that about 36 


per cent more lactic acid disappeared than could be accounted for. 
This was especially marked if the tissue had been depleted of its own sub- 
strates by various methods such as previous insulinization of the animal. 


Our results, with 0.022 m natural d-lactate on normal or insulinized rat 


With slices of cortex, Elliott ef al. (18S) found that the respirati n the presence 
glucose was somewhat decreased by the addi 1 of pyruvate l tl ct 
that isotonic sucrose is not as effective as NaC] naintaining the resp rate ol 
slices (1) are the only qualitative differences in behavior whicl bserved 


between slices and motoni suspensions I br il 
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brains, do not confirm this finding. With brains from insulinized 
gwimals the lactic acid utilization could account for a greater proportion 
f the oxygen uptake than with normal brains, about 92 per cent. (The 
{i , evolution was possibly slightly more than 100 per cent accounted for. 
\Probably traces of unconsumed intermediate oxidation products accu- 
mulate.) Similar results were reported by Dixon (32), working with rabbit 
ortex slices. During the period of insulin hypoglycemia much of the non- 
arbohyvdrate substrate of brain respiration is presumably consumed and 
the remainder competes less effectively with added lactate for the respira- 
iiorvy mechanisms. 

When lactate and glucose were added together, the oxygen uptake found 
was about the same as with either alone. The respiration was largely 
wcounted for by glucose consumption and lactate did not disappear but 
rather its amount still increased slightly. (In one experiment, when the 
respiration was unusually low as a result of damage due to a very tight 
homogenizer, there was some disappearance of lactate.) Similar results 
were found by Elliott et al. (18) with slices of cortex. A possible explana- 
tion of these results could be that lactate is formed from glucose and then 
xidized almost as fast as it is formed. But it is now commonly believed 
that lactate is not a direct intermediate in carbohydrate oxidation and is 
nly produced from the actual intermediate, pyruvate, by reduction when 
the pyruvate is not immediately oxidized. It seems that lactate cannot 
ompete with glucose as a substrate of brain respiration. 

Total Carbohydrate—Elliott and Libet (33) reported that glycogen was 
xidized by brain suspensions, the mechanism being different from that 
involved in glucose or pyruvate oxidation. This has now been shown to be 
incorrect (34). The substance causing the increased respiration was an 
nknown impurity present in the glycogen preparations tested and also 
found in other materials. Glycogen, free of this impurity,® had practically 
no immediate effect on the rate of respiration of brain suspensions but the 
rate fell off less rapidly than when no substrate was added. This was 
most certainly due to the slow production of glucose from the added gly- 
ogen. It will be seen in Table I that glucose was formed, while the total 
varbohvdrate decreased sufficiently to account for part of the respiration. 
| 
hmount of glucose in the suspensions on the average by about 0.9 mg. (as 


2 mg. per 


The total fermentable reducing material after hydrolvsis exceeded the 


scone per gm. of tissue when no glucose was present, about 1. 
im when glucose was present. This excess would consist of hexose phos- 
hates and other hvdrolvzable sugar derivatives as well as glycogen. [err 


ind Ghantus (35) found about 1 mg. of glycogen per gm. of dog or rabbit 


* Glycogen, free of N and P, kindly provided by Dr. M. Somogyi, was used, 
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brain frozen in situ and showed that the amount decreased markedly on 


treatment with insulin. During the preparation of our suspensions the 
elycogen may have largely disappeared ; changes in the amount of carho- 
hydrate other than glucose during the experiments, whether substrate was 
added or not, were usually slight, probably within the experimental 
errol Appreciable utilization of non-glucose carbohydrate thus did 
not oecur, but the experiments with added glycogen mentioned above 


and the observations of Kerr and Ghantus indicate that elveogen can be 


utilized to some extent by brain when glucose is lacking. There was no 
sign of appreciable synthesis of carbohydrate from lactate or pvruvate 
except possibly with insulinized brains. Benoy and Elliott (36) found no 


carbohydrate synthesis from lactate or pyruvate with 


cortex and Ashford and Holmes (23) found none with lactate and ¢ hopped 


slices of rat cerebral 


rabbit brain. 


The amount of non-fermentable reducing substances found after hy- 
drolvsis was quite high, on the average equivalent to about 4.2 mg. of 


glucose pel om of fresh tissue. There was usually a slight decrease during 


the experiments, the final average being about 3.9 mg., but since it is not 
known what substance was concerned in the decrease, no account has been 
taken of it in the balance sheets. 

icetic Acid—In the presence ol added sodium acetate, 0.022 m, the 


oxvgen uptake rate and R Q. were exactly the same as with no added sub- 


strate and there was no sign that acetate was utilized Found, 1.38 mg. 
of acetic acid per ce. of suspension initially, 1.47 mg. after 2 hours respira- 
tion Acetate has no effect on brain cortex slices IS [t appears, 
therefore, that free acetic acid cannot be a normal brain metabolit But 
appreciable amounts of acetic acid were found when added pvruvate was 


metabolized and definite traces of a substance estimated as acetic acid were 


alwavs present initially and increased in amount during the metabolism of 
other substrates. The acetic acid found might exist in the tissue as acetv! 
phosph some other labile compound which is hvdrolwzed during the 
adetermination, or aceth acid itselt might be a product lO ' as sult ¢ 
Uuniavo byle eonditions of } Tro Work 
E flee if ¢ entration of Glucose, Lactate, and Py ate—In Fig. 1, th 
etfects of various concentrations ol added glucose, |; ‘Tate and pvru\ ite on 
the initi: ite of oxvgen uptake are shown In order that the concentra- 
tions of the smaller amounts of added substrates should not be rapidly 
hanged ization, smaller amounts of tissue than usual we used in 
manometer flasks and the substrate solutions w ( added from 
side bulbs er 5 minutes equilibration and only 2 minutes before the taps 
Wer closed 
n tl the n mum initial rate of respiration in the presence 











ELLIOTT, SCOTT, AND LIBET 265 


of glucose was reached with 10 mg. per cent (5.6 * 10‘) or less of glu- 
eose, and further moderate increase in concentration had no additional 
effect. Bernheim and Bernheim (37) obtained half maximal effects on 
| washed brain suspensions with 1.4 X 10° m glucose. In some experi- 
ments, six out of eleven, increasing the glucose concentration up to 200 mg. 





per cent caused some decrease in initial rate (see Fig. 1), while in five experi- 
ments the rate was constant up to this concentration. (In one experiment 
t was constant up to 400 mg. per cent.) The reasons for the decrease at 
high glucose concentration and for the variability of the effect are not 


understood. 
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Fic. 1. Effects of varying concentrations of glucose, lactate, and pyruvate on the 
| oxygen uptake of isotonic brain suspensions, 200 mg. of whole brain. The 
hree curves on the right are not directly comparable with each other, since they were 
btained with different, but similarly prepared, suspensions. Concentrations are 
given in terms of pyruvic and d-lactie acids, though the sodium salts were used. 





With pyruvie acid at 10 mg. per cent, 11 X 10“, the rate was about 
equal to that with the glucose. The rate increased a little as the pyru- 


ite concentration was raised up to about 100 mg. per cent. Addedd-lactie 





acid, 10 mg per cent, affected the respiration rate considerably less than 
did glicose or pyruvic acid. The initial rate increased more gradually with 
nereasing lactate concentration, reached the glucose level at about 50 mg. 


4 per cent, and surpassed it at higher concentrations. 
It will be noted that in the work reported in the preceding sections ap- 


oximately « ptimum con: ntrations of substrates were used. 


DISCUSSION 


The ready utilization of lactate and pyruvate by brain tissue in vitro is 
llknown. Yet the work of a number of authors has indicated that these 
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substances cannot replace glucose as substrate for brain metabolism in 
vivo. Wortis et al. (38, 39) found that, while intravenous injection of as 
little as 4 gm. of glucose would rouse patients from coma due to insulin, 
injections of 20 gm. of sodium dl-lactate, or 4 to 8 gm. of sodium pyruvate, 
did not in general rouse the patients at all. While glucose doubled the 
oxygen uptake rate of the brain, lactate usually caused less increase and the 
effect of pyruvate was small. Elliott ef al. (5) found no correlation between 
the level of endogenous blood lactate and pyruvate and the state of con- 
sciousness of patients in insulin hypoglycemia. Mann and Magath (40) 
and Wortis et al. (39) were unable to relieve the convulsions of hepatee- 
tomized animals with sodium lactate, though glucose injections did so 
readily. With abdominally eviscerated hepatectomized rabbits, Maddock 
et al. (41) found that the cortical electrical potentials could be restored by 
injections of glucose but not by a number of other substances, including 
pyruvate. 

In the pre ceding sections we have demonstrated three differences between 
the behavior of glucose and lactate as substrates for brain metabolism. (1 
Lactate is not as efficient as glucose in displacing non-carbohydrate metabo- 
lism. 2) Glucose is utilized to the exclusion of lactate when glucose and 
lactate are both present, indicating that glucose is a ‘“preferred”’ substrate. 
(3) At low concentrations, lactate stimulates brain respiration less than 
does glucose. These observations may help to explain the inability of ad- 
ministered lactate to replace glucose for normal brain function in vivo but 
do not solve the problem. Though lactate oxidation accounts for a lower 
proportion of the respiration than does glucose with brains from normal 
animals, the proportion is at least as high as for glucose with brains from 
insulinized animals. The blood lactic acid level produced by Wortis et al. 
(38) in insulinized patients reached an average of 75 mg. per cent, though 
the concentration of natural d-lactate must have been considerably lower 
since the d/ salt was administered. But very high endogenous blood lac- 
tate levels, 100 mg. per cent, occurred in the hepatectomized dogs of Wortis 
et al. without protecting the animals from convulsions. It remains to be 
determined whether high blood concentrations of natural lactic acid can 
increase the oxygen uptake of the brain in vivo in insulinized subjects to the 
same level as glucose can. If this does not occur, it is possible that permea- 
bility factors limit accessibility of lactate to the brain cells. If it is found 
that high blood lactate can produce the same oxygen uptake as glucose does 
and still not affect convulsions, consciousness, 01 electrical potentials, it 
will be necessary to assume that certain particular reactions in the metabo- 
lism of glucose are necessary for normal brain functions 

The in vitro studies indicate that, unlike lactate, pyruvate is quite as 


t a substrate for brain respiration as glucose. Pyruvate seems to 
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displace all non-carbohydrate oxidations, it is used more rapidly than glu- 
cose when both are present, and at low concentrations the oxygen uptake 
rate is equal to that with glucose. Possibly adequate blood concentrations 
of pyruvate would stimulate normal brain function in vivo as well as glucose 
does. But it would be difficult to maintain a sufficiently high blood pyru- 
vate concentration for long enough to study its effects, since pyruvate is 
reduced to lactate or otherwise metabolized very rapidly in the rest of the 
body. Flock et al. (42) found that injections into normal dogs of 0.25, 0.5, 
and 1.0 gm. of pyruvic acid per kilo per hour raised the blood pyruvate to 
about 6, 20, and 72 mg. per cent respectively. Injection of 1 gm. of pyruvic 
acid per kilo would be equivalent to 87 gm. of sodium pyruvate for a 70 
kiloman. Again, of course, permeability factors may enter or the metabo- 
lism of pyruvate may not include particular reactions necessary for proper 
brain function. 


SUMMARY 


1. Adaptations of known methods for the determination of glucose and 
total carbohydrate and lactic, pyruvic, and acetic acids in isotonic rat brain 
suspensions have been worked out. Corrections are shown to be necessary 
in most cases when pyruvate is present. 

2. In the absence of added substrate, oxidation of non-carbohydrate 
materials accounts for most of the respiration of isotonic brain suspensions. 

3. In the presence of glucose, the oxidation of non-carbohydrate materials 
by brain suspensions is largely suppressed and nearly all the respiration 
takes place at the expense of glucose. The maximum rate of respiration 
occurs in the presence of 10 mg. per cent of glucose. 

1. In the presence of pyruvate, the respiration can be accounted for com- 
pletely by pyruvate utilization. About 14 per cent of the pyruvate utilized 
is converted to acetate and an approximately equivalent amount of lactate 
is formed. Respiration rates equal to those with glucose are obtained in 
the presence of 10 mg. per cent of pyruvic acid. When pyruvate and glu- 
cose are both present, more pyruvate than glucose disappears. 

5. With suspensions from normal brains, added lactate is not as efficient 
as glucose or pyruvate in displacing non-carbohydrate oxidations, but with 
brains from insulinized animals oxidation of added lactate can account for 
approximately the entire respiration. Higher concentrations of lactate 
than of glucose or pyruvate are required to produce the maximum respira- 
tion rate. When lactate and glucose are both present, glucose only is 
utilized, while the lactate concentration is usually not decreased. 

6. No appreciable utilization of carbohydrate other than glucose could 
be detected in the presence or absence of the added substrates and there was 
no significant sign of synthesis of carbohydrate from lactate or pyruvate. 
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7. Acetic acid has no effect 1 the oxvgen uptake or R.Q 


lized by brain suspensions 
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LETTERS TO THE EDITORS 





’ 


pH CHANGE AS A MEASURE OF GROWTH OF LACTOBACILLUS 
CASEI IN VITAMIN ASSAYS 


S rs: 


In our experience with the pantothenic acid assay procedure,! we have 
had occasion to make certain modifications as follows: 

Direct pH determination after the incubation period has been substituted 
for titration or turbidity measurements as a measure of growth of the or- 
ganism. A spread of about 2 pH units is obtained with a working range 
covering 0.02 to 0.10 y of pantothenic acid per tube. Frequently, valid 
assays are obtained with even less than 0.01 y per tube or as much as 0.15 
y. With the Beckman pH meter, model G, it is possible to make pH 
measurements on 120 samples per hour. One washing of the electrode and 
container between readings is adequate. 

Assays of the blood, tissue, feces, and urine of dogs can be made after 24 
hours incubation instead of the customary longer periods with no decrease in 
accuracy. Simultaneous assays of tissues, feces, and urine with both 24 
and 72 hour incubation periods as well as both titration and pH methods of 
measuring growth yielded values which checked within 10 per cent. How- 
ever, the titration curve was not as satisfactory as the pH curve after 24 
hours incubation. Quantitative recovery of added pantothenic acid was 
observed in all cases. Dog blood assays with the pH method (2 ec. of un- 
treated dog blood added to the medium for 100 tubes) agreed at 24 and 72 
hours when 0.1 to 0.2 ce. of laked blood was added to each tube, with or 
without added pantothenic acid (0.02 y per tube) 

Growth is inhibited in all tubes simultaneously by chilling in the refrig- 
erator. Each basket of forty tubes is then warmed to 26-27° in a water 
bath before the pH determinations are made. 

In order to msure a dependable medium for uninterrupted work, the 
practice of preparing fresh medium for each assay has been abandoned. 
Ample amounts of the various ingredients are made up and, after a check 
assay, a series of bottles of undiluted stock medium is prepared (without 
dextrose), plugged, autoclaved, and stored in the cold until needed. This 
medium keeps at least 2 to 3 months. The cystine is made up in a concen- 
tration of 50 mg. per ec. as the hydrochloride which does not precipitate on 
standing. The medium is filtered before use and is adjusted to pH 6.9 to 
7.0 (autoclay ing lowers this subsequently to 6.6 to 6.7). 

The foregoing procedure is also used for riboflavin assays with minor 
alterations. In fact, the undiluted stock medium can be made up and 


1 Pennington, D., Snell, E. E., and Williams, R. J., J. Biol. Chem., 136, 213 (1940). 
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stored without the yeast extract and riboflavin (or calcium pantothenate), 
§ so that it may be used for either assay merely by addition of the appropriate 


yeast extract, vitamin supplement, and dextrose. 


Advantages of this procedure are greater convenience, speed,objectivity, 


= 


and wider applicability 
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REVERSAL BY PHOSPHATIDES OF THE ANTIMICROBIAL AC- 
TION OF A CRYSTALLINE PROTEIN FROM WHEAT 


prs: 


Stuart and Harris' have shown the antimicrobial and especially the 
veast-inhibiting action of a protein isolated from wheat.2 Since the toxic 
effect of antibiotin from egg white** and of antithiamine from carp® is 
the result of inactivation of these vitamins in the medium, and apparently 
not of the direct poisonous action on the cell,‘ it seemed possible that the 
antimicrobial action of the protein from wheat might be due to its anti- 
vitamin action in combining with a vitamin in the medium. This idea was 
examined with a quantity of the crystalline protein generously supplied by 
Dr. A. K. Balls. While no direct antivitamin action was found, the follow- 


ing facts were established. 


Effect of Phosphatides on Growth (Acid Production) of Lactobacillus casei in Presence of 


20 ¥ pe C'c. of Protein 


Additior Amount 0.1. N acid produced 

per « cc. per 10 cc. culture 
Non 2.2 
Lipositol 100 13.4 
10 1.3 
Lecithin 100 11.8 
10 4.2 
Phosphatidy! serine 100 12.7 
lO $6 


Preliminary experiments showed that, while growth of yeast in a medium 
of salts and glucose was inhibited by the protein, it was not inhibited in the 
richer medium of Woolley. Thus while 20 y of protein per ce. prevented 
the growth of veast in the former, 50 7 did not inhibit it in the latter. 
Evidently a water-soluble material in the latter medium was inhibiting the 
action of the protein, It was also found that Lactobacillus case? grown on 
the medium of Pennington ef al.’ plus pantothenic acid was inhibited by 


smaller quantities of protein than was yeast. Since Lactobacillus casei was 


Stuart, L. S., and Harris, T. H., Cereal Che , 19, 288 (1942 

Balls, A. K., Hale, W.S ind Harris, T. H., Cereal Chem., 19, 279 (1942). 

| n, R. E., Snell, E. E., and Williams, R. J., J. Biol. Chem., 186, 801 (1940 
Woolley, D. W., and Longsworth, L. G., J. Biol. Chem., 142, 285 (1942). 
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not inhibited when grown in peptone medium, it was concluded that the 
inhibition here too was antagonized by some material in peptone. 

Since exploratory experiments indicated some action of inositol in an- 
tagonizing the inhibition of yeast in a glucose-salts medium, the effect of 
lipositol, the inositol-containing phosphatide® studied in this laboratory, 
was tested. This compound completely reversed the inhibition of growth 
of veast or Lactobacillus casei by the protein. In addition, lecithin and 
phosphatidyl serine® (both free of inositol) were almost equally effective. 
Compare results with gramicidin” and detergents.") ' 

When growth of Lactobacillus casei was prevented by the protein, the cells 
of the inoculum did not die, for, when the phosphatide was added after 24 


hours of incubation, growth and acid production ensued. 

Thus it seems that the antimicrobial action of the crystalline protein may 
be prevented by constituents of the medium. Since several phosphatides 
were almost equally effective and since the protein occurs in wheat in com- 
bination with phosphatide,’ the reversal of its antimicrobial action may be 


due to formation of a lipoprotein. This complex may not penetrate the cell. 
Laboratories of The Rockefeller Institute for Vedical Research D.W WOOLLEY 
New York L. O. KRampitz 
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ISOMERIZATION OF CHLOROPHYLLS A AND B 
Sirs: 

By chromatographic adsorption of plant extracts, we have found that 
chlorophylls a and b are accompanied by smaller quantities of two other 
green pigments. One of these, chlorophyll a’, is blue-green like chlorophyll 
a. The other, chlorophyll b’, is yellow-green like chlorophyll b. The 
spectral absorption properties of chlorophylls a and a’ are remarkably 
similar, as are also those of chlorophylls b and b’. Consequently it is 
difficult to detect the chlorophylls a’ and b’ in leaf extracts by means of 
spectral absorption measurements. 

Higher plants and green algae extracted at room temperature or above 
yield these two additional chlorophylls. However, only traces of the new 
pigments are obtained from plant extracts prepared quickly at low tem- 
perature (—80°). Plants which do not contain chlorophyll 6, as for 
example diatoms and brown algae,! do not yield chlorophyll b’. 

Chlorophylls a and a’ are interconvertible, as are also chlorophylls 6 
and b’. At room temperature, chlorophylls, in solution or on the adsorp- 
tion columns, are interconverted very slowly. At 95-100° in n-propanol 
this interconversion takes place rapidly, yielding an equilibrium mixture 
which contains roughly one-fifth of the new isomer and four-fifths of the 
common form. Exposure of plant material to a temperature of 100° also 
eauses interconversion of the green pigments. This ready interconversion 
may make it very difficult to determine whether or not chlorophylls a’ and 
b’ are natural plant constituents. 

Different pheophytins are obtained from the two a isomers. This 
indicates that the difference between chlorophylls a and a’ involves the 
organic portion of the molecule rather than the attachment of the mag- 
nesium. With alcoholic KOH, both chlorophylls a and a’ yield spectro- 
scopically similar (or identical) pheopurpurins that are not extractable 
from ether with 12 per cent hydrochloric acid. This indicates that chloro- 
phyll a’ probably does not correspond to the hypothetical chlorophyll a, 
of Conant and Dietz. 

Chlorophylls a’ and b’ may be prepared easily by the following procedure. 
Green leaf tissue (20 gm.) is scalded in boiling water for 1 minute. It is 
cooled and extracted with acetone or with methanol. Pigments in the 
extract are transferred to petroleum ether by the addition of this solvent 
and a little water. After removal of the aqueous layer, the petroleum 
ether is extracted once or twice with 80 per cent methanol and thrice with 

1 Strain, H. H., and Manning, W. M., J. Biol. Chem., 144, 625 (1942). 

? Conant, J. B., and Dietz, E. M., J. Am. Chem. Soc., 65, 839 (1933). 
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tel The green petroleum ether solution is filtered through at adsorp- 


Valel, 

tion column (6.7 by 18 em.) of dry powdered sugar,': * whereupon the green 
pigments are strongly adsorbed. They are then separated into discrete 
bands by washing the column with petroleum ether containing 0.5 per 
eent n-propanol and 0.5 per cent dimethylaniline' (caretully purified), 
Chlorophyll a’, which forms the lowest green band, separates slowly from 
the similar green chlorophyll a band. Chlorophyll 6’ forms a vellow-green 


and hetween that ol chlorophy I] a and the topmost vellow-green band of 
‘hlorophvll b. 


Haroutp H. Srrain 


(a negie Institut mot WW whing 
Division of Plant Biolog Winston ML. AMLANNING 
Slar rd University, Caltforr 
i for publi ‘ation, October 19, 1942 
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p-AMINOBENZOIC ACID, A GROWTH FACTOR FOR 
ACETOBACTER SUBOXYDANS 


Sirs: 


While p-aminobenzoic acid has been demonstrated to be important in 
the metabolism of higher plants, animals, and many bacteria, only Clostri- 
dium acetobutylicum! and a Neurospora mutant? have been reported to 
require the addition of this compound to the culture medium. It would be 
desirable, especially for comparative purposes, to have available other 
organisms requiring p-aminobenzoic acid for growth. Acetobacter sub- 
oexydans has now been added to this list. This organism is of particular 
interest because of its ability to oxidize polyhydrie alcohols to hydroxy 
acids and ketones. 

Details concerning the media employed and the handling of the cultures 
are given in another communication.’ The culture used is a strain received 
from the American Type Culture Collection as No. 621. 


Evelyn readings at 


Supplements to basal medium 660 My 
Uninoculated basal 100 
p-Aminobenzoic acid, 0.0 y per 10 ce. 94 
“ “ 0.0037 “ 10 “ 93 
“ 0350+ “ 8 * 76 
* (ifs. * se 21 
Difco yeast extract, 50 mg. per 10 cc. 19 


The basal is a glycerol-hydrolyzed casein-salts medium to which the 
other vitamins required by this organism have been added; viz., 10 y of 
calcium pantothenate and 10 y of nicotinie acid per 10 ec. It differs from 
the basal medium of Underkofler et al.’ only in that the hydrolyzed casein 
has been treated with norit and extracted at pH 1.5 with ether to remove 
p-aminobenzoie acid. After 48 hours incubation the surface growth is 
homogenized and the turbidity is measured in an Evelyn photoelectric 
colorimeter at 660 my. The results are illustrated in the accompanying 
table. Maximum growth is obtained on addition of 0.05 y of p-amino- 


! Rubbo, 8S. D., and Gillespie, J. M., Nature, 146, 838 (1940). Lampen, J. O., and 
Peterson, W. H., J. Am. Chem. Soc., 68, 2283 (1941). 

?'Tatum, E. L., and Beadle, G. W., Proc. Nat. Acad. Sc., 28, 234 (1942). 

> Underkofler, L. A., Bantz, A. C., and Pegerson, W. H., /. Bact., in press. 
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— 7 er : 
benzoic acid per 10 cc. These results suggest the possibility of using this 


organism for p-aminobenzoic acid assay. 


De partment of Biochemisth 3 O. Laneen 
University of Wisconsir L. A. UNDERKOFLER 
Maa ie W H PETERSON 

Department of Chemistry 
Iowa State Colleg 
Ame 
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